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ABSTRACT
In multicomponent microelectronic as~emblies, many types of
interfaces are present and failure of these interfaces can lead to device failure.
Therefore, it is important to understand what factors influence the strength of
these interfaces. The mechanical strength of an interface can be expressed in
terms of interfacial fracture energy, which quantifies the ability of a interface·
to resist crack growth. Many properties contribute to the short term
performance and long term reliability of an interface. While the adhesive and
substrate bulk properties are significant, bond thickness, mode of loading,
and cure schedule can influence the magnitude of the interfacial toughness.
~ mixed mode bending (MMB) technique was used to evaluate the effect of
these variables on interfacial fracture energy for two epoxy adhesives on
aluminum and copper substrates. The MMB technique is based on fracture
mechanics.
Since many electronic components experience a combination of tensile
and shear loadings, a range of mixed mode conditions were investigated. A
complete failure envelope was determined for a copper/epoxy interface.
Reprod ucible adhesive failures, needed for int~rfacial toughness
me_a_~ll_~~~ents,were only obtained with the addition of a shear component.
Therefore, a mixed mode condition where the mode I and mode II
components were equal (phase angle of 45°) _was used for the majority of
experiments. The interfacial fracture energy for two epoxy adhesives on
aluminum showed little deviation with moderate cure schedule cha1)ges
between 1600 C and 2200 C. However, bond thickness in the range of 20 ~m to
500 ~m displayed a strong effect on fracture energy.
1
1. ° INTRODUCTION
The use of multicomponent assemblies has necessitated the need for
reliable and affordable joining methods. For the microelectronics industry
adequate mechanical, thermal, and electrical properties are o. required.
Alumina and silver filled epoxy based adhesives can be formulated to
provide a cost effective alternative to traditional joining methods. The
ability of polymeric adhesives to flow into place, then solidify creating a bond
without excessive heat or void generation is advantageous in applications
involving copper surfaces which easily oxidize. Many properties contribute
to the short term performance and long term reliability of a bonded joint,
including surface chemistry, surface roughness, the bulk properties of the
adhesive, and the chemistry of the bonds formed. The service environment
including the type of loading will also influence the adhesive strength.
One measure of the strength of an adhesive bond is interfacial fracture
energy which quantifies the ability of an interface to resist crack growth.
Properties of the adhesive and substrate are important to obtain a tough
interface, but bond thickness, surface roughness, mode of loading, and cure
conditions all play a significant role. The effect of these variables on
interfacial fracture energy will be examined for two adhesives on two metal
substrates using a,fracture mechanics approach.
2
1.1 Adhesion
Adhesion IS generally defined by the physical attraction of two
materials. Several properties are ne~ded to obtain good adhesion. 1 Firstly,
the adhesive needs to flow to provide intimate interfacial molecular contact
to provide for the formation of intrinsic adhesion forces. Secondly, the
.
material must solidify to withstand the stresses and strains applied to the
bond and to transmit the load. Thirdly, the adhesive matrix should possess
the ability to plastically deform in order to dissipate the energy at the
interfacial crack. Finally, good adhesion can only be obtained through the
.~
understanding of joint geometry, the mode which the loads are applied, and
the response to environment stresses.
::t 1
'Y
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Figure 1: Separation of two elastic bodies in calculation
of the thermodynamic work of adhesion.
One approach to understanding adhesion is to examine the intrinsic
elastic adhesion forces between two surfaces through surface tension
examinations....Surface.tensionisa-:direct .measurement· of intermolecular
forces and can be used to determine the thermodynamic work of adhesion,
Wa . The thermodynamic work of adhesion is the Helmholtz free energy
change per unit area when separating two elastic bodies (Figure 1) and Wa can
be related to the surface and interfacial free energies by the Dupre equation?
[1.1]
where 11 and 12 are the surface free energies of the adhesive and the substrate,
respectively, and 112 is the free energy associated with the interface between
the adhesive and the substrate. However, Wa can be separated into
contributions from Lifshitz-van der Waals forces, WLW, and acid-base forces,
WAB . Thus equation [1.1] can be written as:
[1.2]
The Lifshitz-van der Waals forces, WLW, combines all electromagnetic
interactions, oscillating temporary dipoles (dispersion), permanent and
induced dipoles. Acid-base interactions in the Lewis sense are between
electron-acceptors (acidic) and electron-donors (basic).2
Recent efforts have been taken to determine the thermodynamic work j
of adhesion using contact angle measurements. 2 Using an apolar liquid and
two polar liquids, the WLW and the WAB can be calculated for various surfaces
including substrates and adhesives. Thus, a prediction .of Wa can be made for
an adhesive on a substrate or used to compare various systems. Since the
adhesives are cured against air (not the substrate), the calculated.
4
thermodynamic work of adhesion is believed to be less than it would be if it
were cured against the substrate.
The thermodynamic work 'of adhesion, Wa, typically falls In the
mJ / m 2 range while the fracture energy as measured through fracture
mechanics test is in the order of J/ m2 . The three orders of magnitude
difference is due to various energy absorbing phenomena that occur during
fracture that do not directly contribute to breaking the bonds across the
interface. The total energy to separate two surfaces is referred to as the
practical work of adhesion, wP which measures the intrinsic breaking of the
bonds plus the energy dissipated in other manners. Plasticity in the matrix
and extrinsic toughening mechanism such as microcracking, particle bridging,
and others contribute to the overall energy absorption. PThe W generally
increases with the introduction of a shear loading component due to crack
face interactions.
Although the WA is about three orders of magnitude less than the WP,
the thermodynaJ:!lic work of adhesion may play an. important role to the
toughness of a bond. Gent and Schultz3 and Andrews and Kinloch4 have
shown the following relationship for elastomers:
wP = WA ( 1+<I> ) [1.3]
where <I> is a parameter that is dependent on thickness and viscoelastic
characteristics of the adhesive, rate of crack propagation, mode of crack
:- -;.....,""
'has a multiplicative effect on the practical work of adhesion for elastomers
and thus should be maximized.
While investigating the thermodynamic work of adhesion is a non-
trivial pursuit, the strength of 't joint ultimately relies on non-elastic energy
absorption. Two classifications of tests have been used to examine the
mechanical performance of bonded joints. Strength of materials approach
assumes no defects, thus the joint fails when the adhesive material fails. The
joint's failure load or stress is measured and a criteria is set at some level that
the specimen must exceed. Adams5 has reviewed several failure strength
tests. The problem with this approach is that these tests generally do not
measure a material property because of inconsistencies between specimens
such as fillet sizes, specimen size and geometry, or defects might cause a
specimen to fail even though the adhesion properties are good. For this
reason, proponents of the strength of materials approach use a large number
of specimens. In reality, an adhesive bond will invariably contain defects that
will cause failure before the material limit. Thus, a fracture mechanics
approach was established to test material properties independent of specimen
size or geometry. Before discussing fracture mechanics based tests, a review of
the basic principles'of fracture mechanics for both cracks in a homogeneous
material and at a bimaterial interface is in order.
-- '.:- '-. ~
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1.2 Fracture Mechanics
Structures that are designed to operate under stress levels below the
yield or fatigue strengths of the materials have long been observed to fail by
cracking. In many cases, the failure could be traced to stress concentrations or
,.
preexisting flaws. These observations led to the conclusion that structures
could fail at relatively low levels of applied load due to the presence of cracks.
Consequently, the concept of fracture mechanics was developed for
determining the resistance of materials to crack growth.
Historically, the first approach to obtain a criterion for fracture was
based on energy considerations developed by Griffith6 that assumes fracture
occurs when sufficient energy is stored at a crack tip to supply the energy to
form two new surfaces. Irwin7 and Orowan8 later provided an equivalent
stress analysis approach. The second approach uses the stress state around a
crack tip to define a critical material property known as the fracture
toughness. A discussion of the two approaches will follow for the case of a
crack in a homogeneous material.
1.2.1 Fracture Mechanics in a Homogeneous Material
The fracture mechanics method can be based on stress distributions
around the crack tip. For a homogeneous material, Irwin9 pointed out that
the magnitude of the crack-tip stresses depends on the product of the nominal
;)
'stress, <3, and the square root of the half flaw length, a. This product is the
7
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stress intensity factor, K;
K=Yaj"i [1.4]
where Y is a geometric factor which has been computed for vanous
geometries. IO For the case of a crack of length 2a in an infinite solid as given
in Figure 2a:
K =a~
y a y
t
[1.5]
Load
a)
8
b)
x
Figure 2: a) The case of a crack with length 2a in an infinite slab.
b) Stresses around a crack tp. (from Hertzberg)
8··
The stresses around a crack tip as in Figure 2b are:
cr, =fi; [cos ~ (I-sin ~ sin 328 J]
cry = fi; [cos ~ (1 + sin ~ sin 328]] [1.6]
K [ 8 8 38 ]
'txy = ~ sinT cosT cosT
'V 2nr
where r is the distance from the crack tip and 8 is the angle to the point from
the crack plane as in Figure 2b. If K reaches a critical value, Kc' then the crack
will propagate. This critical value, K
c
' is referred to as the fracture toughness,
which is a material parameter.
The analysis of crack initiation was initially approached from an energy
balance viewpoint by Griffith.6 According to the energy concept, as a crack
grows through a material the total energy, E, of the cracked body is considered
to not change. The total energy, E, consists of the potential energy of
deformation, PE, and the surface energy, SE. It follows that during crack
extension:
dE = d(PE) + d(SE) [1.7]
The rate of change of potential energy with respect to crack extension (da) in a
planar component of width (b) is defined as th~ energy release rate (G):
G '= - d(PE)
b da [1.8]
The crack will advance when G exceeds a critical value, Ge, which is called the
9
r
term for the creation of two new surfaces but it includes the work absorbed by
any non-line~ deformation at the crack tip (ie. plastic zone deformation).
-. \
Thus, Gc is a material parameter that characterizes the resistance to fracture.
As shown by Irwin7, the strain energy release approach and the stress
intensity approach can be related through:
K2
G = E: [1.9]
* *
where E = E, for plane stress and E = E/ (I-v), for plane strain. E is the tensile
elastic modulus.
The above discussion was given for the case of a crack in a
homogeneous material, but failure can occur along an interface between two
dissimilar materials. Crack propagation along the interface between the
adhesive and the substrate is referred to as adhesive failure, but cracks
through the adhesive layer are cohesive failures as shown in Figure 3. The
author defines adhesive failure as failure near the interface, but does not
necessarily mean that breaking of the chemical bonds across the interface.
The fracture mechanics of interfacial cracks deviates from the simpler case of
a homogeneous materia~ d~e to the asymmetry in the properties of the
adhesive and adherend. An understanding of the modes of loadings is
required to comprehend the case of an adhesive crack.
10
adhesive
crack
Figure 3: Schematic. representation of adhesive or cohesive failure.
1.2.2 Modes of Loading
A crack can be loaded in three distinct loading modes as seen in Figure
4. A crack where the surfaces move directly__ar-arLl11lcler'a ten~ile_l~~ding is
referred to as pure mode 1. Pure mode II is a shear loading where the crack
planes slide or undergo in-plane shear, and tearing or antiplane shear is
characteristic of pure mode III. Of course a combination of any of the three
.
can occur, therefore a description of the mode of loading must be reported.
For example, GIc is taken as the mode I fracture energy while GUe is taken to be
the mode II fracture energy. In the mixed mode condition at the macroscopic
level, the toughness of the joint may be characterized by the remote stress
intensity factors K~ and K~, These stress intensity factors are determined from
11
Mode I Mode II Mode III
Figure 4: The three modes of loading; a) mode I or gure tensile, b) mode II or
in-plane shear, and c) mode III or tearing (anti-plane shear).
the applied loads and geometry, neglecting the presence of the adhesive layer.
The remote phase angle of loading can be defined by geome~y~s:
Koon
tan ~ = K00 [1.10]
I
The angle ~ is referred to as the loading mixity or the mixed mode angle of
loading.
Next the case of an adhesive crack will be examined and it will be seen
that phase angle of loading and the phase angle of K at the crack tip can differ.
(
12
1.2.3 Interfacial Fracture Mechanics
The case of a crack at an interface between two different materials has
received much attention in the literature since Williams in 1959. 11 The cause
of the intense activity in this area revolves around methods to describe the
stress state at the crack tip because the traditional stress intensity factor can not
be used due to the inhomogeneity at the tip.12,13,14 Two general approaches
..
have been taken. A global approach examines the mixity from a: remote point
of view which is opposite to the local approach.
The local approach for an interfacial crack is represented in Figure 5
where solid 1 is above the interface and solid 2 is below the interface. Both of
the materials are taken to be linear elastic, homog~nous, and isotropic. Since
the materials have different shear moduli, III and 1l2' and Poisson's ratios, vI
and v2' there is an elastic mismatch across the interface and it can be
x
...
Figure 5: Schematic drawing of a generic interfacial crack.
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d . d·· 1 D d ' 15expresse In two non- ImenslOna un ur s parameters;
a=
1~ =- a-2
[1.11]
and a related parameter,
1 [1-~]
£ = 2n: In I + ~ [1.12]
The parameter, a, can be interpreted as a measure of dissimilarity in stiffness·
across an interface. When a is greater that zero, material 1 is stiffer than
material 2. The parameter £ is the oscillatory index responsible for the
relative proportion of shear stress to tensile stress to vary with distance from
the crack tip.
Using the local approach with K1 and K2 as the two interface stress
intensity factors, the traction in the interface at a distance r ahead of the crack
t · . . b 16Ip IS gIven y;
[1.13]
Note that riE = eiElnr = COS (EIfU) + isin (EInr). -iEDue to the r term, an
.;..- .._~""".
oscillatory singularity exists at the crack tip which is characterized by E. As a
14
· _. .
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consequence, the ~omplex K has some material dependent dimensions and
the ratio of the shear and normal components of the interface traction is not
well-defined as r approaches the crack tip. Thus, Rice14 suggested to examine
the stress state at a fixed length, L, from the crack tip and use the combination
KLiE as the basic parameter. The phase angle is then defined by:
[1.15]
where 1m and Re are the imaginary and real components of the product KLiE,
respectively, and E is a mismatch parameter in equation [1.12]. The real being
the mode 1 component and the imaginary being the mode II component of
the complex K. The relationship between the energy release rate and the
magnitude of the stress intensity given by IKI = ~K~+K; is;
1( 2)[1-V~ I-V~] 2G = 2" 1-~ E + E IKI
. 1 2
"\[1.14]
When E -::f. 0, a definition of mode 1 and mode II stress intensity factors
analogous to KI and Kn used for homogenous materials cannot be made. The
mixity is dependent on the characteristic length, L and should be explicitly
reported. When the characteristic length changes from L1 to L2, the mixity
can be transformed according to:14
[1.16]
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Rice found that for 0.01 < £ < 0.03 the'-mixity changed only 1.3° to 4.0 0 for a
factor of 10 change in length, L. Hence, to try to simplify the analysis, Rice14
and later Suo and Hutchinson17 discussed the utility of taking £ = 0 because
the interpretation of the interface intensity factors is much easier. They
argued that little physical consequence is lost by taking £ to be zero in most
instances.
Specific analysis have been performed for various test geometries1S,17,
but the Brazil Nut geometry will discussed. Suo and Hutchinson17 related
the remote stress intensity factor Koo and the local stress intensity factor K for a
sandwich specimen of thickness, h, by:
where
-e-exp R2I- p
o [1.17]
[1.18]
and 0) is a tabulated shift factor that is dependent only on the elastic mismatch
governed by ex and~. They took the thickness, h, as the characteristic length,
1. It can be seen th¥,-~ only makes a very small contribution to p, thus
providing evidence for taking ~ to be zero, thus £ = O. Then, a relationship
between the remote phase angle <1> and local phase angles \jf can be made:
,
"-"-,,'.-..
[1.19]
where .Q is a functiQfl of (X and ~ that essentially rotates the remote phase
(
angle,~. Taking ~ to be zero, makes the change in phase angle a function
only of (x. Then, equation [1.17] reduces to:
[1.20]
which is independent of thickness, h. The local phase angle, \jf, then becomes
only a function of (x. A remote pure mode I loading will not be a true pure
mode I at the interface but will have also an inherent shear (mode II)
component.
The global approach to analyzing mixed-mode failure is to partition the
total energy release rate into that which results in a crack opening mode I, G I
and that which gives only a sliding mode II, Gn. In general these do not
. .. 19
mteract, gIvmg:
[1.21]
Ignoring the ela~tic mismatch, the mixity \{I measures the relative proportion
of "mode II" to "mode I" in the interface by:
[1.22]
Where KI and Kn (GI and Gn) can be readily determined experimentally.
However, the locally induced mixity can be regarded as a rotation of the K-
field by the angle \jf0 and the original phase angle \jf now becomes (\jf - \jf0)
17
gIvmg:
[1.22]
The solution of any problem therefore reqUIres the determination of the
values of \jI and \jIo'
An estimate of the inherent phase angle '1'0 for a bimaterial interface
may be derived from a simple global analysis. I9 Ignoring "the singular field
yields:
V 2 VI
- -
E2 E]
= ex - 2~ [1.23]tan '1'0 = 1 1
- + -E2 E j
T~only the Poisson's ratios and the Young's moduli need to be known for
. both materials to estimate the inherent mixity induced at a bimaterial
interface.
1.3 Mode Mixity Effects
For a homogeneous material under pure mode I loading, the crack will
follow a path nominally perpe~dicular the applied load. The introduction of
a shear component will cause the crack to deviate from the crack plane at a
certain angle ~, which is the angle between the mode I vector and the crack.
Figure 6 schematically represents a crack in a homogenous material under
. -
.18_
a direction perpendicular to the maximum principle stress. The stress, as' at
. f . d d k . 21a tIp 0 a mlxe mo e crac IS :
The stress, as' will be the principle stress if the shear stress 1"rS is equal to zero
ACTION
applied
force
a) applied
force
applied
force
b)
Figure 6: Crack direction resulting from a mixed mode IIII loading; a) drawing
showing the direction of the mode II component for the MMB test and b)
drawing showing the crack Ideviation from the crack plane.
and occurs at an angle S defined by:
max
tan 8 0M ~ ~ K, ±~~(K( ]2 + 8 [1.25]
2 4 K n 4 K n
and from equation [1.22] the ratio of Kr to Kn can be calculated from the phase
angle \jf. A reasonable correlation has been found betw~en the above
principle stress criterion and experimental results 2\ thus validating the
above criterion. For example, a phase ~ngle of 45° would give a ratio of KI to
Kn of 1 and a Smax of -53.12° and 90°. The positive root (resulting in 90° which
would mean the crack continues on the plane) IS not
physically plausible for a mixed mode loading case. The crack propagates
perpendicular to Smax or at 90 + (-53.12°) = 36.88°. A plot of the variation of ~
with phase angle \jf is given in Figure 7. Note that a one to one linear
relationship does not exist as might be intuitive and a pure mode II loading
would drive the crack at an angle of about 70°. In a homogeneous material,
the angle of deviation ~ can be calculated with only the knowledge of the
phase angle, but interfacial cracks seldom deviate from the interface.
The crack may remain at the interface for two reasons. First, the
adhesive strength of the interface might be significantly inferior to the
cohesive strength of both materials, resulting in adhesive failure. Second, a
shear component might force the crack into one of the materials at the
bimaterial interface. If that material is relatively tough, the crack will not
'"
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Figure 7: The variation of crack deviation angle ~ with the change of mixity 'V.
Note that the crack will reach 19° under a pure mode II loading.
propagate into it and will fail adhesively. Thus, loading a specimen in a
manner that will cause the crack to be "held" at the interface by a shear
component should produce reproducible adhesive failure. However, a mode
I loading does not have this driving force to push a crack toward the interface.
While mixity will effect the crack trajectory, it will also influence the
fracture energy. A typical plot of fracture energy as a function phase angle 'V
shows an increase in Gc with increasing mode II component as in Figure 8.
The higher toughness due to a shear component has been attributed to
)...
various fa~tors including crack face friction due to asperities22 and crack face
21
contact due the effect of the oscillatory index E and also the Increase in
plasticity due to high shear stress22.
It has been generally thought that pure tensile loading will be the lower
bound for Gc. However from the interfacial fracture mechanics discussion, it
was seen that an inherent mode mixity occurs due to the elastic mismatch.
Thus a crack at an interface under a remote pure tensile loading will
experience a mixed mode condition at the crack tip. Therefore, the lower
bound for Gc occurs at mixity angles greater than 0° as in Figure 8.
A few researchers have proposed empirical failure criterion which
gauge the effect of mixity on fracture energy. Charalambides et aI. 1 9
examined mixed mode failure using two different schemes: a method based
upon consideration of the local singular field of a crack and a global method
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Figure 8: A plot of fracture energy versus phase angle \jf showing
the general trend that toughness increases with the addition
of a mode II component and that the minimum is not at \jf= O.
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based on consideration of applied energy release rate. They concluded that
the global approach gave far better agreement between theoretical predictions
and experimental observation. Also, they proposed a general gfobal criterion
for fracture under mixed mode conditions. Failure occurs when G equals Ge
given by:
where Go is a failure value, 'V 0 is the inherent mixity due to the elastic
mismatch, and ffi is a fracture surface roughness parameter. These quantities
are calculated using the following equation:s:
G = 1 [ ( G Ie +G lle ) _ ( G Ie +G lle )2 _ (1 _ Q 2 ) G G ]
a r.2 2 2 Ie lle1- ~l.
where
[1.27]
where GIllIe is the critical fracture energy at a phase angle of 45° (ie. G I == GIl);
and
[1.28]
2
tan 'Va = [1.29]
From equation [1.26], a general failure criterion can be predicted but one must
23
know Grc and GIIc as well as GIIIIc ' The latter could be obtained through an
educated guess prior to testing because not much of change in G is seen from
a mixity of 0° to 45°. Equation [1.26] agrees well with experimental data as can
b . F' 8 19,23e seen m Igure .
Hutchinson and Suo22 have suggested an empirical curve fit;
[1.30]
where G1 is the mode I toughness of the interface, and the parameter A
measures the influence of shear deformation on the observed toughness.
The limit A=l corresponds to an ideally brittle interface. For an epoxy glass
interface, Lietchi and Chai24 showed good agreement between experimental
values and equation [1.30]' However, Akisanya and Fleck25 found rough
experimental fit fU > 0°, but it failed for 'If < 0° for a brittle epoxy/
aluminum interface.
1.4 Bond Thickness Effects
Various studies have been conducted to examine the role of bond
thickness of the adhesive layer on mode I fracture energy G1C with cohesive
failure. Mall and Ramamurthy26 propos~d three types of generalized
dependence of bond thickness on G1C sighted in the literature which can be
seen in Figure 9. Type A sh.ows a strong dependence in the range from 0.025
27. 28
mm to 1 mm. Bascom et al. and Kmloch and Shaw both reported type A
behavior in:' CTBN'trtoclified'"'di"glyidyl ether"' bf'bisp'l'fe'riol' A (DGEBAJ/'cr cop """",."",,,,,-:,
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Figure 9: A schematic plot of fracture energy G versus thickness showing
the general types of dependence on thickness. Type A exhibits strong
dependence while Type Band C show moderate or no effect26[from Mall and Ramamurthy ].
piperidine epoxy system. However, type Band C exhibit a moderate effect of
thickness over a range of less than 500 11m. In a modified bisphenol A
aliphatic amine vinyl ester resin, Chai29 observed type B behavior in the
range from 8 11m to 875 11m.
Type C behavior has also been reported. ' Mostovoy et at30 found type C
In the range from 25 11m to 250 11m for a low temperature cured
amine/DGEBA system and a high temperature cured anhydride/" DGEBA
system. Above 250 11m, Mostov(5y reported a moderate increase in toughness
and a large increase in scatter in the amine cured system. Mall and
26Ramamurthy in an unspecified rubber-modified epoxy also saw type C
behavior.
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Kinloch and Shaw28 stated that'" the maXImum In fracture energy
occurred at a bond thickness where the volume of deformation was the
largest, corresponding to a bono' thickness of twice the plastic zone size.
Figure 10 schematically shows the competition between restricting the plastic
zone size and the constraint at the crack tip. The plastic zone size, r ly, can be
computed by the equation:
'r ly =
21t
in plane stress
[1.31]
in plane strain
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Figure 10: Schematic drawings showing the competition between
restricting the plastic zone size and the constraint
at-the crack tip. [from Kinloch and Shaw28]
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where E
a
is the modulus of the adhesive, cryt is the tensile yield stress, and v is
Poisson's ratio.
On the other hand, Chai29 found that in range from 8 ~m to 875 /lm
the fracture surface morphology was responsible for the maXImum In
toughness. Thus, the fracture characteristics and energy dissipation
mechanism were not directly related to the plastic zone size but to the instead
fracture surface morphology. For bond thickness larger than 33 ~m, the
change of fracture energy followed the change in dimple size on the fracture
surface. For bonds less than 33 ~m, failure occurred by shear yielding near the
interface with G1c being invariant in this range. Since the dimple size
explanation lacks a fundamental materials approach, Kinloch and Shaw's
plastic zone size theory seems more feasible.
Although these studies show a wide range of effects on fracture energy
with varying bond thickness, the above studies were mode I and the failure
was cohesive in nature. Under mode II loading, Chai31 found no ~ffect of
thickness on toughness over the range up to 250 ~m. Akisanya and Fleck25
observed no effect of adhesive layer thickness upon the observed interfacial
toughness for remote phase angles <l> in the range of -25° to 25° for asymmetric
double cantilever specimens.
Carlsson and Aksol2 analyzed the effect of an interleaf layer in a pure
mode II specimen using both sandwich beam theory and finite element
analysis. Both analysis showed that the interleaf thickness had no effect on
, .- ~....
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the fracture energy or the mode of loading. Thus, Carlsson and Aksoy
concluded that the thickness of an adhesive layer between two substrates
would not effect the fracture energy or the mixity.
1.5 Processing Effects on Toughness
The first two basic requirements of an organic die attach adhesive as
discussed in section 1 l;N'I~r.e that it must flow to establish molecular contact
and it must solidify to withstand the applied stresses. It follows that
processing conditions. will effect the both flow behavior and the solidification
behavior of an adhesive. The temperature and the time of a cure schedule
have certain limits so that a mechanically reliable bond is produced.
On a plot of temperature versus time, a processing,.window could be
established so that the fracture energy of the adhesive bonds produced within
the window would be superior to those outside the window. Figu~ 11
schematic represents this processing window. The upper temperature limit is
dependent on the degradation temperature of the adhesive and/or
controlling bleed out of the adhesive before gelation. Viscosity defines the
lower temperature limit because at low temperatures the viscosity will be too
high to allow the adhesive to properly wet the surface (establish molecular
contact). Also, voids might be trapped due to the high viscosity. At constant
temperature, tneminiinum time is controlled by the extent of cure needed to
obtain mechanical strength. Without a fully cured adhesive, the molecular
"'._----_.---'
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Figure 11: A possible representation of a processing diagram.
structure will not provide adequate cohesive strength t.o hold the adhesive
material together. The maximum time might be limited by tpe build-up of
cure stresses due to the shrinkage during curing of the organic adhesive. The
cure stresses will be small but are applied to the adhesive while it is in an
elastomeric form. Elastomeric epoxies are not resistant to crack propagation,
thus this small stress could cause defect formation and growth during curing.
Another limit to time might be economically driven, namely the shorter the
production time the better.
Shaw and Tod33 reported a large dependence of cure conditions on G re
for piperidine-cured, rubber modified epoxy adhesive. When the cure
temperature was increased from 120°C to 160°C, Gre increasedslightly, but the
cure time seemed to have little effect when reduced from the normal 16
hours. However, this large dependence on cure temperature was attributed to
a change in the morphology because piperidine cured DGEBA epoxies, the
cure temperature controls the crosslink density.
In summary, the effects of mixity, bond thickness, and cure conditions
on fracture energy have been reviewed. All are important when studying
interfacial fracture toughness of an adhesive bond. Next, various methods
for examining interfacial fracture energy both under mode I and mixed mode
lIII loadings will be reviewed.
1.6 Fracture Mechanics Based Tests For Adhesion
The evolution of interfacial or interlaminar fracture resistance
measurements has occurred using numerous specimen geometries with
various loading fixtures. 34 This large variation is mainly due to the diverse
nature of the specimens tried and the desire to load the specimen under
several conditions. One class of specimens is the laminated beam or
sandwich geometry which consists of two substrates bonded together by an
adhesive. Other classes are the coated and prismatic specimens, but these will
not be discussed here. Within the laminated beam geometry class, variations
----_.~._-~..
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exist due to the type of loading condition desired. Of the three modes of
loading in Figure 4, only mode I and mode I/n combinations will be
reviewed.
A symmetric laminated beam specimen consists of two similar beams
bonded together with an adhesive. A precrack is made along one of the
interfaces. Even though the crack is along the interface the geometry is still
taken to be symmetric. 32 Alternatively, asymmetric geometries have been
used by bonding two different size beams. The asymmetric geometry
provides a mixed mode I/n condition but analysis of the phase angle at the
crack tip can be controversial19. The majority of the fracture mechanics tests
for interfacial or interlaminar toughness are based on linear elastic fracture
mechanics (LEFM). This approach assumes that the specimen responds
linearly and elastically prior to failure.
Previously, to obtain a failure envelope over a range of mixed mode
conditions, different test geometries would have to be used in different tests.
Pure mode I can be obtained using the double cantilever beam (DCB)
specimen. Ripling et al. 35 first introduced DCB for testing of adhesives. The
specimen geometry, shown in Figure 12, consists of two thick substrates
~
bonded together with the adhesive under examination. Pure mode II can be
obtained using the same geometry as the DCB and by applying a three-point
bending load (end notch flexural (ENF) test, see Figure 13). Mixed mode I/n
test can be obtained using either asymmetric double cantilever beams or
31
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modified ENF specimens. In both cases the specimen geometry is changed to
provide different mixity analysis. One fixture that could test the same
specimen type over the range from mode I to mode II would be highly
desirable.
p
2h
228.6 mm (9.0 ")
substrate
precrack adhesive
25.4 mm
1,9.05 mm
Figure 12: Drawing of a DeB specimen.
p
25.4 mm
precrack
I.. 100 mm
substrate
substrate
,.... --I
~12h
Figure 13: Drawing of a ENF specimen.
Recently many mixed mode test have been proposed that use the same
specimen type including size, but have a limited phase angle range or can not
disassociate the mode I and mode II components of the fracture energy, G.
Reeder and Crews36 proposed a mixed mode bending (MMB) fixture which
uses a lever to simultaneously apply DCB and ENF type loadings, and by
varying the lever length can obtain any mode'I/mode II combination. In
addition, the mode I and mode II components can be separated by using
simple beam theory equations developed for DCB and ENF. The fixture has
three adjustments, b, C, and L which can vary the mixity as seen in Figure 14.
specimen
saddle
End View
attached to Load~
crosshead
C---?~~- b-~
-7-'-r-'T""T"1 1- - - - - -I
..f--£...L-.<.--<--;-£...L-.<.-L..f YOke~ 1
1
1
~----L----~
Side View
Figure 1.4: Drawing of the MMB fixture and specimen.
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d d C 37 . d . 1 1Ree er an rews notice geometnc non inearities due to arge
displacements which would invalidate LEFM approach. Thus they modified
the original by using a yoke and saddle assembly as was shown in Figure 14.
1.7 Objective
This < investigation examines the effect of three parameters on
interfacial toughness as measured by global fracture energy. Firstly, the effect
-
of mode lIII mixity on toughness is measured using a novel mixed mode
bending fixture. ~econdly, under a mixed mode condition, the influence of
..
cure schedule on adhesive strength is examined. Finally, the effect of bond
thickness is examined under a constant mixed mode condition. In all cases,
two different epoxy adhesives will be evaluated on two different substrates
(copper and aluminum).
34
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2. EXPERIMENTAi
2.1 Specimen Preparation
Two different adhesives produced by Epoxy Technology were tested on
two different substrates; solid aluminum substrates and laminated copper foil
attached to FR-4 composite (glass mat plus epoxy resin) substrates. The
machinery and preparation of the two substrates were different and the
making of the DCB and MMB specimens varied slightly.
2.1.1 Substrate Preparation
Aluminum Substrates:
For the MMB specimens, the 6061 T6 aluminum specimens were cut
out of 2.28 mm (90 mil) thick sheet into the desired size of 25~4 mm by 140
mm (1 in. by 5.5 in.) (see Figure 14). For DCB specimens, a bar stock of 19.1
mm by 25.4 mm (0.75 in. by 1 in.) to lengths of 230 mm (9 in.) (see Figure 12).
The DCB specimens are excessively thick so that deflection of the beam is
minimized and can be neglected. On the other hand, a shear component can
only be induced in the MMB by allowing the specimen to bend without
significantly stressing the fixture, causing non-linearities.
To control the surface roughness, one of the aluminum substrates was
polished to a 1 /lm finish using standard metallographic techniques and the
mating surface was ground to a 400 grit finish. The precrack and ultimately
• _~ :.-_. .. ~-_ ,.c,.'"
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the propagating crack was along the polished surface. Both substrates were
,
cleaned for five minutes by an ultrasonic cleaner in an ethanol bath. Then,
five minutes in an ultraviolet (UV) ozone cleaner remove organic
contaminates from the surface within 30. minutes prior to processing.
Transporting of the cleaned substrates was done in a vacuum desiccator.
Copper/ FR-4 Substrates:
Since the copper was received as a 25 11m foil, FR-4 composite (~O
layers of 0° /90° glass woven mat pre-impregnated with epoxy) was needed to
intr~se it~ ~tiff~~ss.- The FR-4:/Cu composite' ~~~ -~~cie- in two stages. The
first stage compressed 25 layers of FR-4 prepreg with copper foils on each side
at 177°C for 1 hour and then cooled to room temperature for forty minutes.
This resulted in a sandwich of two Cu foils with 25 layers of FR-4 resin in
between. Then 25 more layers were added to one side and cured under the
same conditions as above. The resulting copper composite plaques were 250
mm by 250 mm by 2.1 mm thick (10 in. X 10 in. X 0.08 in.) and were then cu~
into::::: 27 mm wide strips, which is wider than the desired size to allow for
grinding. The copper substrates were then cleaned in the ultrasonic cleaner
and UV ozone cleaner as for aluminum. The copper was not polished and
the exact composition of the copper is unknown but was obtained from IBM
Corporation, Endicott, NY (used for circuit boards).
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2.1.2 Adhesives
The two adhesives used were single component epoxy systems
"-
containing a blend of novalac resin and epoxidized alaphatic resin with an
amine curing agent. Two different fillers were used. The Epo-Tek H65-
175MP had 43% by weight of alumina particles and the Epo-Iek H35-175MP
was 73% by weight silver filler. Both epoxies have a recommended cure time
of 180°C for 1 hour38 . Thus this cure schedule was taken to be within the
processing window and the other schedules branched out as given in Table I
and graphTcaJly represented in Figure 15. The recommended cure schedule-
was used (180°C for 1 hour) for the examination of the effect of bond thickness
and mode mixity on the fracture energy, .
2.1.3 Specimen Processing'
Both the DCB and MMB specimens were fabricated using the following
general method. The adhesive was spread onto the rougher substrate and
placed in a heated (""100°C) vacuum oven for one hour to degas. The other
substrate (the polished for aluminum) was sprayed with a dry lubricant mold
release agent (or the first 30 mm of one end to create a precrack along the
substrate - adhesive interface. A sandwich was made of the two substrates
and the adhesive using Teflon spacers to control the thickness as shown in
Figure 16. All parts used in the apparatus as well as the substrate without the
adhesive were preheated at the cure temperature.
37
Curing was then
-Table I: Cure Schedules used in this study
for EPO-TEK H65-I75MP and H35-I75MP
Time
Temperature H65 H3S
140°C I 1 hour I 1 hour
160°C I 16 hours I 2.7 hours
160°C I 1 hour I 1 hour
180°C I 0.42 hours I 0.5 hours
180°C I 1 hour I 1 hour
180°C I 16 hours I 2.7 hours
200°C I 1 hour I 1 hour
200°C I 0.33 hour I 0.43 hour
220°C I 1 hour . I 1 hour
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Figure 15: Graphical representation of the various cure schedules in Table I.
The central point is the recommended cure schedule of IS0°C for 1 hour.
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preformed in the apparatus. The only difference in fabricating the MMB and
the DCB specimens were in making the MMB specimens, 19.05 mm thick bars
were used in the clamping procedure to prevent localized deformation of the
thinner substrates. For~arying the thickness of the specimen, different size
spacers were used ranging from no spacer to 0.5 mm spacers an a cure
schedule of 180°C for 1 hour. After curing, the excess adhesive was removed
with 240 grit paper. Then the substrate was measured using a
stereomicroscope with a video micrometer.
clamp clamp
clamp
clamp
Figure 16: Apparatus used to fabricate the sandwich MMB specimens.
2;2 . Techniques
2.2.1 Double Cantilever Beam Testing
Double cantilev_er beam tests were employed to determine the pure
mode I toughness. The tests were run in a displacement controlled Instron at
39
390.5 mm/min. The area method was used to calculate the toughness and the
procedure is summarized as follows. The side of the DCB specimens was
coated with white liquid correction fluid to assist in loc~ting the crack. The
specimen is loaded until a crack propagates a distance of about 10 mm. The
crack is marked and the displacement was returned to zero. The procedure is
repeated until the specimen completely fails. The load and displacement was
recorded and the resulting plot gave loops as seen schematically in Figure 17.
Load Shaded Region = ~U
,)
Displacement
Figure 17: Schematic drawing of the load versus displacement for a DCB
specimen. This plots shows 5 different loops which can produce 5 data points.
The area of each loop is then an energy measurement, ~U, which can be used
to calculate the strain energy release, G, by the equation:
[2.1]
_ wher~_~f1J.?_Jh~S~~l1g~":!l1S!c~S~,I~:ngth andb is the width of the substrate (see
. '" ,-' ,-. -~'.-'" .,-:,". ""'.: .--.-. - ----:;:··,~;~:;'~::':::-6--:-:::.,_.. ,,·( :(> __:_~, ..._..~:~.
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figure 12). The area was calculated subtracting the integrated area under the
unloading curve from the integrated area under the loading curve. Any
deflection in the arms was neglected due to the excessive thickness of the
s-ubstrates. - Thecompltan-ce as a function of crack length was calculated from
DCB specimens of different adhesives cured under different conditions and
40
compared to a theoretical equation obtained by Mostovoy et al. :
C -_ 8 [3 2]--3 a+ha
Jillh
[2.2]
where C is the compliance, E is the tensile elastic modulus of the adherent, a
is the crack length, and h is the substrate thickness.
2.2.2 Mixed Mode Bending Tests
As discussed in section 1.6, Reeder and Crews36 proposed a mixed mode
bending fixture which can test the same geometry over a range of mixity
values. A schematic drawing is given in Figure 14. The tests is a
combination of a DCB and ENF, the mode I part is due to separation and the
mode II is due to the bending of the specimen. A yoke and saddle assembly
was proposed in order to maintaln a linear elastic response-thus-makingciata-
d · 'bl 37re uctlon POSs! e. Theoretically, the obtainable range of \jf is from 0° (pure
tensile) to 90° (pure shear), however the higher mixity values might be
limited due to the yield of the substrate under the bending stresses.
41
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--0-- 30 mm (c=20)
() . 30 mm (c=30)
A 40 mm ((=20)
6 40 mm (c=30)
The relative amount of tensile versus shear can be systematically
changed by varying the location of the fulcrum and the loading point related
to the fixture parameters band c (Figure 14). Figure 18 shows a plot of the
mixity for various fixture parameters band c for the copper/FR-4 substrates.
For example if b equals L, the specimen is loaded in mode I, but if c is zero
and b is half of L then pure mode II would be applied. The load was applied
using a displacement controlled Instron, Frame lOll, with a 5000 N load cell
at a crosshead speed of 2 mm/min.
A linear elastic load displacement plot was obtained and the maximum
load, P, taken as the point were gross deviation from linearity occurs. The
crack length, a, the specimen width, B, and the substrate thickness, h, can be
determined from the fracture surface.
®--~-~,
s. €~ .
~'~
-~ .
Various crack lengths . '.
(and values of c) "&
~
"®
'--,
'bi
5 67&
Fixture Pararneter,b (ern)
9 10
Figure 18: Plot of the phase angle as a function of fixture parameters band c.
Note that the p~~~e-~ngl~}~_iJ:l~e.p'endentWith ..crcg:k lel1gth.
Then from the following equations both the GIC and Guc can be determine
independently by:
G =Ie
3p2(a+Xlh)2 [( C+b) C ]21--- F --F
B2 E h3 L 2' b 1
11
[2.3]
9 p2 (a+Xnh)2 [( C+ b) C ]2G = 1--- F +-F
lIe 4 B2 E h3 L 2 b 1
11
[2.4]
where
L, c, and b are fixture parameters (Figure 14) (m)
a =initial crack length from the center loading point of the center
point of the hinge to the crack tip (m)
XI and XII are correction factors for mode I and mode II, respectively
h =half thickness of the specimen (m)
F1 and F2 are correction factors due to large deflection of the loading
arms
The half thickness was taken to be the substrate thickness because the effect
that the adhesive layer had on the stiffness was neglected. The correction
41factor XI can be calculated by :
[2.5]
where
and E22 is the through thickness or transverse modulus and G12 is the
traverse shear modulus. Wang and Williams42 found that the mode II
~ .. ' "",-'" .... ;--.::'..-~ ...", -_..-
---~- ~-------------~-._-~~ ........~
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Figure 19: Drawing of the MMB, specimen under a mixed mode loading
showing the deflection of the arms and the specimen.
Due-to 'lat-gedeflectioh shown in Figure 19, the effective bending arm
length is shortened and thus reduced the effect moment acting on the crack
tip. This effect was determined by Kinloch et aI. 23 using a similar analysis to
Williams43, and was corrected using these factors;
[2.6]
where aI' a2, a3 are the slopes of the beam at the crack tip and the loading
.,,~~ - ~'.--------'
,-' -..., ... , ~ "" ........
points (FIgure 19). These can be obtained by:
where 16a3~ = -(q-m)
38BOb
n= --1.=-0 b+c1---L [2.8]m= (1+~)(1-~)
cb
q= (1+~)(1-~)
The deflection, 8BD, can be measured during the test as seen in Figure 19.
Thus, the GI and GIl contribution to the global fracture energy, G, can be
decoupled. Then the phase angle, \j!, can be determined by equations [1.22].
Due to the novelty of the MMB fixture, the interlaminar failure
envelope of the FR-4 composite material was experimentally determined by
obtaining fracture energies for various mode mixities. Comparison was made
;-t-.- ~
with previously obtained results by Goodelle et al. 44 using DCB, end notch
45
flexure (ENF), and modified ENF. A precrack was propagated with the
specimen at liquid nitrogen temperature to a length of about 30 mm. The
specimens were 25.4 mm x 152.4 mm x 5 mm (I" x 6" x .2").
2.3 Fraetography
A low voltage JOEL 6300 scanning electron microscope (SEM) was used
to examine the fracture surface of a MMB specimens of both alumina filled
and silver filled epoxies on a polished aluminum surface. The samples were
sputter. coated with a thin coating of gold-palladium. Images of varying
magnification were obtained using the following conditions: an accelerating
voltage of 5 kV, a working distance of 15 mm, no tilt, and with a 100 Ilm
aperture.
"
I
3 RESULTS AND DISCUSSION
3.1 Interlaminar Fracture Toughness in Laminar Composite
The FR-4 composite interlaminar fracture toughness was measured by
the mixed mode bending (MMB) fixture for two reasons. First, Reeder and
Crews36,37 developed the MMB fixture for interlaminar fracture toughness of
composites, not sandwich adhesive specimens. Second, interlaminar fracture
toughness data on the FR-4 composite was previously obtained by Goodelle et
a1. 44 using double cantilever beam (DCB), end-notch flexure (ENF), and
modified end-notch flexure (MENF). Thus comparison could be made
between the previously obtained failure envelope and the MMB failure
envelope. The FR-4 composite interlaminar fracture energy as a function of
phase angle was measured (Table II) and~ compared with those previously
obtained by Goodelle et aI. in Figure 20. The symmetric DCB measures only
cij
the mode I toughness (\jI =0°) and the ENF only measures mode II toughness
(\jI = 90°). The MMB data compared well up to 45° but deviated from the
MENF and ENF above that. The majority of the toughness of the FR-4 comes
from the fiber bridging44 . As the shear component is increased, it is
conceivable that the crack faces would start to interact, hindering sliding.
Thus, one possible difference between the MMB and the ENF data could be
caused by the different data reduction techniques since the MMB does not
7000 I I
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- - - - - - Charalambides et al. Eqn.
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Figure 20: Interlaminar failure envelope of FR-4 obtained by the MMB fixture
and DCB, ENF, and MENF. A reasonable comparison was found at mixity
angles below 45°. Charalambides equation [1.26] is also plotted.
account for crack face friction while the ENF data reduction does. It could be
argued that the crack face interactions should not be neglected because they
are a real source of toughness.
Although the crack friction is important, the orientation of the hinge
used for the MMB specimens played a large role. The two hinge positiC?ns
depicted in Figure 21 affected the fracture energy for the copper /FR-4
substrates. Figl.l.re 22 shows the fracture energy for the copper/FR-4 substrates
with various fixture settings to obtain the same mixity of 46°, thus the length
. ,'" -".;'~; ....... :.~, -_.. __..... -....... ,.-
:...:;;";.,:" : 48
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Figure 21: Drawing showing the various hinge settings;
a) hinge "in" position and b) hinge "out" position.
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Figure 22: Effect of hinge position on fracture energy as a function
of MMB fixture parameter, b, while maintaining constant
phase angle of 46° for alumina filled adhesive oncoplS-er /FR-4. ""-
Shows the strong effect of hinge position on global fra~!ure energy.
b was varied proportional to c to maintain a constant phase angle as seen in
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Figure 18. The fracture energy should be constant when the same mixed
mode loading condition is applied. However, Figure 22 clearly shows that G
varies with fixture setting for the hinge "in" position, but is unaffected with
the "out" position. The change in fracture energy was attributed to the
change in the effective modulus of the MMB specimen. The modulus of the
steel hinges was significantly higher than that of the FR-4 composite, so the
"in" position increased the stiffness of the loading arms. Hence the shift of
the effective modulus changed G asseen in equations [2.3] and [2.4]. On the
other hand, the "out" position did not significantly affect the modulus since it
600
N~ 0 Hinges In
S 500 II!I Hinges Out
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0
t)
~ 400 ,...OJI::
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OJ 300 !....2u~
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Figure 23: Effect of hinge position on fracture energy as a function
of MMB fixture parameter, b, while maintaining constant
phase angle of 46° for alumina filled adhesive on aluminum.
Shows little effect of hinge position on global fracture energy.
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is not in the region of the span region. Furthermore, no hinge position effect
was seen for the stiffer aluminum substrates as shown in Figure 23 for the
alumina filled adhesive on polished aluminum.
affect G as apparent in Table II and Figure 20. Initially an overall thickness of
3 mm was used, but at high phase angles, the specimens buckled before
interlaminar failure. Then, 5 mm thick specimens were tested up to a phase
Table II: Interlaminar Fracture Energies for FR-4 Composite obtain11by fourdifferent tests. DCB, ENF, and MENF from Goodelle et al..
": (Note all values in J1m2)
Phase
Angle DCB
0° 1160 ± 16
8°
13°
26°-28°
41°
47°
52°
68°
800-81°
90°
Test Method
ENF MENF
524 ± 105
1232 ± 136
777 ± 132
MMBt
984 ± 152
(thin)
1457 ± 586
919 ± 134
(thin)
1540 ±250
893 ± 53 (thin)
2360 ± 50
2986 ± 504
47,64 ± 431
3740 ± 141
All values are for 5 mm thick samples except for those marked thin which were 3 mm thick.
~.. . .
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angle of 80 0 with interlaminar failure and buckled above 80 0 • The
interlaminar fracture toughness results in Table II were obtained using the
"in" position of the hinge. Since the "in" position showed a strong
dependence, the absolute values of G were suspect. The hinge effect could be
responsible because if the hinge increase the effective modulus, the G would
decrease as seen from equation [2.3J and [2.4J. Using the same hinges, the
modulus of a thin specimen would be more effected than a thick substrate
explaining the change in G
c
with specimen thickness (Table II). Thus, the
tests were repeated to obtain another failure envelope of FR-4 composite.
Goodelle et aZ 45 used "out" hinges on FR-4 composite specimens
greater than 5 mm thick and the results are shown in Figure 24. A
comparison of the interlaminar failure envelopes (Figure 24) obtained using
position produced higher fracture energy values. The empirical equation
proposed by Charalambides (Eqn. 1.26) fit the "out" position better than the
"in" position. Thus from this fact and from the above discussion about how
the hinge position changes the effective modulus, it was concluded that the
"out" hinge position gave truer results.
52
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Figure 24: Interlaminar failure envelope of the FR-4 composite as measured
by MMB tests. The hollow circles were obtained using 5 mm samples with
the "in" hinge position and the solid squares used the"out" hinge position.
. [from Goodelle et aZ. 45 ]
3.2 Effect of Mode Mixity
3.2.1 Effect of Mode Mixity on Crack Trajectory
The mode of loading impacted both the fracture energy, Ge, and the
crack trajectory. The transition from a mode I (DCB) to mixed mode (MMB;
\jf = 46°) loading resulted in a change of fracture behavior. The ,results of the
DCB (\jf = 0°) and MMB (\jf = 46°) for various cure conditions are given in
Table III and graphically represented in Figure 25 for the H65-175MP and
.._-_. - :'~--~----'-" '.
...
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Table III: Fracture energy of two adhesives on aluminum obtained
by DCB and MMB for the various cure conditions.
Note: A = adhesive failure and C =cohesive failure
I Fracture Energy Ofm
2)
Cure Condition I H65-175MP f Aluminum I H35-175MP f Aluminum
I 'JI=O I 'JI = 46 I 'JI=O I 'JI = 46
140°C for 1 hour I --- I I 363 ± 33 IA I --- I I 80± 15 IA
160°C (longer time) I 128 ± 9- IC I 258 ± 11 IA I 215 ± 43 I C I 385 ±36 IA
160°C for 1 hour I 272± 30 IC I 368±34 IA I 328± 18 I C I 417 ± 37 IA
180°C (gelation) I -- I I 228 ± 11 IA I -- I I 392 ± 10 IA
180°C for 1 hour I 114 ± 13 IA I 281 ± 16 IA I 232 ± 19 IC I 273±24 IA
180°C (longer time) I -- I I 259 ± 12 IA I -- I I 357±33 IA
200°C for 1 hour I 65±10 IA I 261 ± 11 IA I 179±36 I C I 318 ±31 IA
200°C (shorter time) I 123±9 IC I 249 ± 12 IA I 552±84 I C I 599 ± 55t IA
220°C for 1 hour I --- I I 287 ± 17 IA I --- I I 429 ±39 IA
t
repeated and found same value
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Figure 25: Fracture energy for various cure conditions obtained by
DCB ('If = 0) and MMB ('If = 46) for alumina filled (H65) adhesive on
aluminum. Note: 3 of 5 DCB failed cohesively and all MMB failed
adhesively, and the highest fracture energy was found for the
160°C for 1 hour cure.
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Figure 26: Fracture energy for various cure conditions obtained by
DCB ('l' =0) and MMB ('l' =46) for silver filled (H35) adhesive on aluminum.
Note: all DCB failed cohesively and all MMB failed adhesively, and
the highest fracture energy was found for the 200°C for 26 minutes cure.
Figure 26 for the H35-175MP. The DCB failed both in a cohesive and
adhesive fashion while the MMB specimens all failed adhesively for various
cure conditions of both the adhesives.
Typical MMB load versus displacement plots are shown in Figure 27
which shows stable and unstable crack growth under a mixed mode loading.
Note that the MMB load versus displacement was linear up to the onset of
crack propagation. A typical DCB load versus displacement is shown in
Figure 28 which shows many loops. Each loop corresponds to an
independent loading and results in an independent data point. The DCB
. -.,. -
.- .. 55
500
400
Z 300
"i:l
I1l
0 200
....J
100
0
0 0.4 0.8 1.2 1.6 2
Displacement (Jltun)
Figure 27: Load- displacement plots from typicalMMB specimens.
Two types of crack growth were observed; stable and unstable.
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Figure 28: Typical plot of. load versus displacement for a DeB
specimen showing multiple loading loops allowing
for multiple data points from one specimen.
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compliance was calculated at various crack lengths and plotted in Figure 29
for various samples. With the compliance equation, the crack can be
calculated for a given compliance. Thus eliminating the need to measure the
crack during testing which is particularly useful during fatigue testing. The
measured compliance was different from the theoretical equation [2.2] of
?
Mosotvoy et aI.· The deviation
610-6
0 theoretical equation
510-6
0 H65E
a H65H 0
• H35D A 0
A H35C l:J
Z 41O~6 H35B .. 0A /0........ 0 H35Ag - ... - Curve Fit QD 0
Q)
310-6
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u
l:: 13 0
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r,' 000
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Y = MO + M1*x + ... MS*xs + M9*x9
MO 7.l34S00S097e-DS
M1 7.5542799424e-06
M2 -3.290746S176e-05
M3 0.0010261031959
R 0.9960S240366
Figure 29: Compliance as a function of crack length for a 9 inch aluminum
DeB specimen showing both adhesives (alumina and silver) and the
theoretical equation [2.3]. The curve fit equation of the data
is also shown below the plot.
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from theoretical in the 230 mm DCB specimens is due to the rotations of the
end of the beam. The rotation could be treated as an increase in the effective
crack length and the compliance can be written as45:
[3.1]
where ao is an empirical rotation correction factor found to be about 0.6 of the
substrate thickness h from calibration bars having varying substrate thickness
from 12.7 mm to 101.6 mm (0.5 to 4 inches)45. Thus the end rotation can be
accounted for by the correction factor ao.
FRACTOGRAPHY
The macroscopic fracture surface for both adhesives on aluminum can
be seen in the photographs in Figure 30 for DCB. The top DCB specimen in
Figure 30a shows a typical adhesive failure, while the other 3 specimens in
Figure 30 w.ere~ohesive. The macroscopic fracture surface of the MMB
specimens are complex. They contain three areas; the precrack region, the
MMB test region, and the post-test region. Adhesive failure occurred in both
the precrack and MMB test regions, but after testing the specimens were
completely broken under a basically mode I loading, giving a region of
cohesive failure. Figure 31 schematically represents this point and the actual
aluminum substrate MMB specimens are shown macroscopically in the
pictures of Figure 32. The macroscopic MMB fracture surfaces of the copper
substrates looked similar to that of the aluminum.
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The MMB specimens were used for scannmg electron microscopy
(SEM) to examine both the cohesive and the adhesive fracture surfaces on
aluminum. The cohesive failure of the alumina filled and silver filled
adhesive produced two different topographies mainly due to the presence of
voids in the silver filled epoxy. The SEM micrographs of the cohesive failure
are shown in Figure 33 for the alumina filled (H65-175MP) and Figure 34 for
the silver filled (H35-175MP). A large number of voids could be seen in the
silver filled adhesive at low magnification (Figures 33), while the alumina
filled epoxy exhibited very few voids. The higher void content in the silver
filled adhesive is due to its higher viscosity because of its higher filler content
(73% for the silver and 43% for the alumina). At higher magnifications, the
fracture surfaces are difficult to compare because of the high void content in
the silver filled epoxy, but are generally similar when the voiding is
neglected. The diameter of the silver particles seems to be of the order of
several microns (Figure 34d) and under 0.5 J.1m for the alumina (Figure 33d).
The shape of the filler was difficult to determine from these micrographs.
Although the cohesive! failure produced different fracture surfaces, the
two adhesive failures were similar~ Both epoxies exhibited a "hackle" type
pattern as seen in Figure 35 for the alumina filled and Figure 36 for the silver
filled epoxy. A similar hackle surface was found under a shear loading
.46 47(mode II) by Chat and Sue et al. . The hackle formation under mode II
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Figure 30: Photographs of fracture surface of the aluminum DeB specimens
for a) the alumina filled epoxy and b) for the silver filled epoxy.
Note that the top one in a) was adhesive failure while the
bottom one in a) and the two in b) were cohesive.
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Figure 30: Photographs of fracture surface of the aluminum DeB specimens
for a) the alumina filled epoxy and b) for the silver filled epoxy.
Note that the top one in a) was adhesive failure while the
bottom one in a) and the two in b) were cohesive.
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Figure 31: Schematic drawing showing the three areas of the MMB specimen;
the precrack region, the MMB test region, and the post-test region. The latter
region represents cohesive failure while the precrack and test region failed
adhesively.
a)
b)
Figure 32: Photographs of fracture surface of the aluminum MMB specimens
for a) the alumina filled epoxy and b) for the silver filled epoxy. Note that all
failed adhesively during testing (bottom part of specimens), but cohesively
--tlndermode Iloadll1g-tb "separate"the specimens (top part.of. specimens).
a)
b)
Figure 32: Photographs of fracture surface of the aluminum MMB specimens
for a) the alumina filled epoxy and b) for the silver filled epoxy. Note that all
failed adhesively, during testing (bottom part of specimens), but cohesively
under model loading to s~paratethespecimehs;'(t6P"P~fft·Ofspecimens)':
\
a)
~ Crack Direction
b)
Figure 33: SEM micrographs of cohesive fracture surface of the MMB
specimens for the alumina filled epoxy on aluminum at a) 50 X and b) 250 X
showing no macroscopic roughness; c) 1000 X and d) 10,000 X showing micro-
roughness andtheaIUininaparticles i11 d):
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Figure 33: SEM micrographs of cohesive fracture surface of the MMB
specim'ens for the alumina filled epoxy on aluminum at a) 50 X and b) 250 X
showing no macroscopic roughness; c) 1000 X and d) 10,000 X showing micro-
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Figure 33: continued
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Figure 33: continued
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, a)
Crack Direction
b)
Figure 34: SEM micrographs of cohesive fracture surface of the MMB
specimens for the silver filled epoxy on aluminum at a) 50 X and b) 250 X
showing voiding; c) 1000 X and d) 10,000 X showing micro-roughness
and the silver particles in d).
a)
Crack Direction
b)
Figure 34: SEM micrographs of cohesive fracture surface of the MMB
specimens for the silver filled epoxy on aluminum at a) 50 X and b) 250 X
showing voiding; c) 1000 X and d) 10,000 X showing micro-roughness
and the silver particles in d).
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Figure 34: continued
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Figure 34: continued
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b)
Figure 35: SEM micrographs of adhesive fracture surface of the MMB
specimens for the alu?lina filled epoxy on aluminum; the adhesive side
at a) 1000 X, b) 5000 X showing hackle formation due to the shear
component of loading; and the substrate side showing residual
material c) 1000 X and d) 5000 X.
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Figure 35: SEM micrographs of adhesive fracture surface of the MMI3
specimens for the alumina filled epoxy on aluminum; the adhesive side
at a) 1000 X, b) 5000 X showing hackle formation due to the shear
component of loading; and the substrate side showing residual
material c) 1000 X and d) 5000 X.
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Figure 36: SEM micrographs of adhesive fracture surface of the MMB
specimens for the silver filled epoxy on aluminum at a) 1000 X, b) 5500 X
showing hackle formation due to the shear component of loading; and the
substrate side showing residual material c) 1000 X.
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Figure 36: SEM micrographs of adhesive fracture surface of the MMB
specimens for the silver filled epoxy on aluminum at a) 1000 X, b) 5500 X
showing hackle formation due to the shear component of loading; and the
substrate side showing residual material c) 1000 X.
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shear loading is schematically illustrated in Figure 37.48 Ahead of a crack tip,
distinct microcracks are formed which will grow and coalesce under further
loading. This results in the formation of a series of upright curved platelets
or hackle. Comparison between the cohesive and adhesive failures for the
silver filled epoxy revealed that very few voids were present on the interface
between the adhesive and the substrate, although they were many in the bulk
of the adhesive. It can then be concluded that the voids were completely
surrounded by epoxy, thus showing no evidence on the adhesive surface.
Also, many voids were probably not far under the surface, but they still did
not break open or rupture during failure. This leads to the belief that the
voiding might not greatly effect the fracture energy, even though, the voids
act as stress concentrators effecting the stress field. In summary, a shear load
component caused the fracture energy to increase with the formation of
hackle as well as_produced reproducible adhesive failure.
The shear component of a mixed mode loading condition will drive,
the crack at some angle, ~, from the plane of the crack, as discussed in section
1.3. An understanding of the angle that the crack would prefer to propagate if
no interface was present can explain why adhesive failure occurred for the
"
mixed mode condition. For an interfacial crack, one direction of the shear
component will drive the crack toward the substrate, but if the substrate is
sufficiently tough the crack will not propagate into it. Hence, the crack is
•TZX
a)
•
//
TZX
•
TZX
..
TZX
•
Induced crack prop.lI.tlon dlrectlon
Mechanlam A
Hackle formation coincident With
the direction of crack prop.llallon
b)
Mechanlam B
Formation 0' hacklee oppollte
to the direction of crack propagation
Figure 37: Drawing of the formation of hackle in a mode II loaded specimen:
a) summary of the evolution of the hackle formation. A starter crack causes
shear cracks to begin to form, and the interaction of the neighboring shear
cracks as well as the mode II- dominant stress cause the reverse shear cracks to
form. The hackle is then seen after the crack propagates through them as
shown in b). [a) is after Sue et al.47 and b) from International Encyclopedia of
C . 48]omposltes .
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"held" at the interface by the angle~. Figure 6a shows the loading of a MMB
specimen will drive the crack upward. Since the precrack was on the top
interface, only adhesive failure occurred. The DCB test does not have this
driving force to coerced the crack toward the interface. Thus, DCB testing was
abandoned since the MMB samples with a shear component failed adhesively
while the DCB samples failed unpredictably.
3.2.2 The Effect of Mixity on Fracture Energy
The effect of mixity was examined for the alumina filled epoxy on
copper by obtaining the failure envelope using only the MMB fixture. Figure
38 displays the failure envelope such that fracture occurs in the region above
the curve. The global fracture energy increased with phase angle \If as seen in
Table IV. The increase in fracture energy with an increase in the shear
component was expected from literature and the empirical equations. A
similar result was found for the FR-4 interlaminar fracture energy in Table II
and Figure 20.
..,
An alternative method to examine the effect of mixity is to break down
the global Ge into a Grc and GUe components, which can readily be done with
the MMB test using beam theory. Thus another representation of the failure
envelope is given in Figure 39, which plots Gu versus GI . Notice that the axes
are different due to GIe being smaller than the GUe components .
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Figure 38: Failure Envelope for alumina filled epoxy (Epo-Tek H65-175MP)
on copper. Both empirical equations are superimposed on the data. For the
Charalambides [1. 26] equation an inherent phase angle '1'0 of 20° fit the data
well until high mixity vi3-lues where a \jIa of 7.6° fit. For the Hutchinson [1.30]
equation a fitting parameter Abetween 0.8 and 0.85 seems to fit the data best.
Table IV: Dependence of G on Phase Angle for H65-175MP on copper.
Phase Angle (\jI)
.. , I 0° I 15° I 30° I 46° I 60° I 64° I 73° I 77°
2 306 196 177 165 98 89 . 87 51G Ic (JIm) ±50 ± 12 ±26 ± 17 ±34 ±5 ±6 ±4
2· 0 15 64 176 298 355 976 1039Guc (JIm) ±1 ::k 1 > ± 21 ±21 ±40 ±24 ±72 ±50
2 306 211 241 341 396 444 1063 1090Gc (Jim) ±50 ± 12 ±23 ±33 ±75 ±26 ±75 ±51
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Figure 39: Failure Envelope for alumina filled on copper showing the
individual contribution of GI and GIl' Charalambides' [1.26] and Hutchinson's[1.30] empirical equations are also plotted similar to Figure 38.
The empirical failure criterion proposed by Charalambides et al.19 and
Hutchinson and Suo22 were also plotted on Figure 38 and 39. For the
Charalambides equation [1.26], an inherent phase angle, \jIo' was determined
to be 21.70 using equation [1.29] and, G Ue =300 J/m
2
,GIIe =1200 J/m
2
, and GIllIe
=341 J/m2. The mismatch of copper/FR-4 substrate and the epoxy interface
is complex because the copper is constrained by the FR-4 comp?site. Thus, the
true mismatch as computed by \jIo' ex, and ~ should lie between the values for
,_ ,th,g)-:lOmogeneouscopperlepoxycmd .FR:·4 composite / epoxyinterfqces (both
-.. c,~:'· __ ', '. -',_., _,.,.~._ . __ ,.~.-:- ,,--- " _.-. . ,: ',,_ .;.. _ '. ,'_, . ,..... • - ,'. '0:' -. '_._; __•• _~,~._.; __ . •
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are given in Table VI). ' A detail model is required to completely understand
this problem, but the inherent mixity for the should be between 11.20 and
17.70 using equation [1.23] and the data in Table V. Table VI has the inherent
phase angles for the aluminum/epoxy interface.
2For the Hutchinson and Suo equation [1.30], GIc was taken as 300 J/m
and two values of Awere taken as 0.8 and 0.85 because the range fit the data
the best. Both equations show the approximate failure envelope, but the
Table V: General Material Data for the Substrates and the Adhesive
t approximated by dividmg tensile modulus by three
Aluminum Laminate Alumina Filled
Parameter Substrates49 Copper FR-4 Epoxy Adhesive
Tensile Modulus (GPa) I 70 I 120 I 13.4 I 6
Shear Modulus (GPa) I 26 I 48 I 4.5 t I 2
t
Poisson's Ratio I 0.35 I 0.34 I 0.14
50
I 0.35
..
Table VI: Calculated Dundur's parameters for the interfaces used in
the study and the calculated inherent phase angle.
Epoxy on . I Epoxy onParameter Aluminum
I Copper I FR-4
a 0.86 I 0.91 0.50
~ 0.20 I 0.29 0.26
£ -0.064 I -0.095 ~0;085
*
I'Vo 16.40 17.70 11.20
*.:.lmm equation[1. 231 -
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minimum due to inherent mixity is only considered by the Charalambides
equation. The calculated 'I'D of equation [1.26] should coincide with the
minimum in the data. Since obtaining the minimum was not the focus of
this report, the exact minimum was not found but was estimated to lie
between 10° and 30°. Thus, the calculated 'I'D range of 11.2° to 17.7° is roughly
within the region that the minimum in the data exist.
At high mixity, the experimental values deviated from the theoretical
Charalambides equation. One explanation is that crack face interactions-are
not taken into account the data reduction for the MMB fixture. It could be
argued that since local crack face interactions contribute to the toughness, they
should not be subtracted out. Also, Kinloch et al.23 found good agreement
with Charalambides prediction using the MMB fixture with interlaminar
fracture energy for two unidirectional carbon-fiber composites; poly(ether
ether ketone) (PEEK) matrix and a epoxy matrix. The interlaminar fracture
energy was of the order of 2000-3000 Jim 2 and at that scale the deviation
seemed minimal. Upon closer examination, deviations from the prediction
were as much as 150 t6 200 J/m2. The data in Figure 38 still deviates more
2than 200 Jim. An alternative explanation for the deviation is that the
substrate could yield locally causing energy absorption. This would result in a
higher Gc than the prediction, which is se,en in both Figures 20, 24 and 38.
The gross yielding in the substrates was not seen for any of the specimens, but
.. local deformation could still have occurred but not detected. The 3 mm FR-4
interlaminar specimens in Section 3.1 did buckle at high mixity, but this was
not detected in the adhesive copper/FR-4 specimens.
Although the DCB and MMB specimens failed in different manners,
.the results are comparable. In Table II, an increase in toughness occurred
with increasing phase angle (from DCB to MMB) although for most cases it
went from cohesive to adhesive as Figures 25 and 26 illustrated.
3.3 Effect of Bond Thickness on Fracture Energy
The effect of bond thickness on interfacial fracture energy was different
for each of the four systems studied. On the aluminum substrates in Figure
40, bond thickness greatly influenced Gc' The alumina filled epoxy exhibited
a maximum around 280 Jlm similar to a type A trend as in Figure 9. The
interfacial toughness of the silver-filled epoxy on aluminum showed no
general trend. For both adhesives on aluminum, a lower bound was found at
a thickness of 500 Jlm.
The toughness of the copper-epoxy interfaces in Figure 41, also
exhibited different dependence on thickness with the two adhesives. The
alumina filled epoxy exhibited no affect with changing thickness, but the
silver filled epoxy generally increased with thickness, reaching a plateau
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Figure 40: Fracture energy versus adhesive bond thickness for both adhesives
on aluminum showing a strong thickness dependence for both. The silver
filled epoxy data showed no trend, while the alumina filled adhesive reached
a maximum.
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Figure 41: Fracture energy versus adhesive bond thickness for both adhesives
on copper / FR-4 showing a strong dependence for both. The silver filled
epoxy increased with bond thkkl1.e~sand.appeared.to plateau/while the
alumina filled adhesive did not change with thickness (which is opposite
from the maximum found for the alumina filled epoxy on aluminum).
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around 150 Ilm. No two similar dependence of G
c
on thickness was found
even when comparison was made between similar adhesives on different
substrates.
In the current systems, no discernable process zone was found in the
adhesive by transmission optical microscopy of a 50 Ilm thick sample. Thus,
the plastic zone size considerations are not appropriate as proposed by
Kinloch and Shaw28 for rubber modified epoxies-(-5ection-L4).The-ehanging-
thickness might cause a transition from one failure mechanisms to another,
resulting in a change in toughness. Another possible explanation is based on
residual stresses that build up during the cooling from the cure temperature
because of the mismatch in the coefficient of thermal expansion (eTE). Since
both the modulus and the thickness of the aluminum substrates are
significantly higher that of the epoxy, the aluminum could be considered
rigid as compared to the epoxy. The epoxy at the interface shouldb'e
constrained by roughly the same amount with varying adhesive thickness. It
is then expected that the residual stress at the interface region between the
adhesive and the substrate would be independent of bond .thickne~s. Thus,
the effect of residual stresses with varying bond thickness is not believed to
effect the interfacial toughness.
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3.4 Effect of Processing on Fracture Energy
Table III gives the fracture energies for laminated DCB and MMB
specimens cured under various processing conditions. Since a shear
component is needed for repeatable adhesive failure, only the mixed mode (\jf
= 45°) data will be directly compared. Figures 42 and 43 show the change of
fracture energy with cure schedule for the alumina and silver filled epoxies,
respectively, on aluminum subs-frates. For the ahimina-filled epoxy, no greaT
change in toughness was found over the range in cure schedules with
temperatures varying from 140°C to 220°C. The fracture energy values ranged
from 228 J1m2 to 368 J1m2 for the alumina filled.
700
N---- /:::,. short times
S 600 .. 1 hour
........ 0 16 hours"t::::>
l? 500
6iJ
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Q) 400 fc::~Q)....;:l 300 t.... ~u OJ !~~ 4)
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Figure 42: The effect of processing condition on fracture energy for the
alumina filled (H65) adhesive on aluminum showing little effect over the
.!9J1g~.stB<i~~( .
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Figure 43: The effect of processing condition on fracture energy for the silver
filled (H35) adhesive on aluminum showing minimal change in the
toughness except at extreme the extreme conditions. The short cure time at
200°C, which exhibited abnormally high fracture toughness was repeated and
the same value was obtained.
The silver filled showed slight dependence on cure temperature. The
140°C cure had a significantly lower fracture energy than the other cure
conditions. From 160°C to 220°C, all the cures were roughly the same except
for the 200°C for20 minutes which was much tougher. This cure condition
was repeated and the same high value of fracture toughness was obtained, but
a cause for its deviation was not found. A change in the cure reactions or
kinetics at 200°C could have caused the resulting difference in toughness.
. "-.' <'~~~-.-.'~.~':..- .~.... ,
Since the alumina and silver filled epoxies are reportedly the same
resin with different fillers, the fracture energy would be expected to be similar,
unless the filler influences the adhesive failure mechanisms. However,
comparison between the two adhesives under similar cure schedules in Table
III revealed that the silver filled epoxy has generally a higher interfacial
fracture energy than the alumina filled version. Thus, it could be concluded
that the· filler effects the interfacial toughness, possible due to changing
toughening mechanisms.
The processing window concept can be used to summanze these
results. For the alumina filled epoxy, all the cures would lie within the
window since no points are dramatically less than the others. Similarly for
the silver filled epoxy,all the cure schedules would lie within the window
except the 140°C for 1 hour cure, which clearly has inferior mechanical
properties.
4. CONCLUSIONS
The following conclusions were made from this work:
• A shear loading component is needed to obtain reproducible adhesive
failure.
o A slight increase in the interfacial fracture energy occurred between a
phase angle of 0° and 45°, but then significantly increased past 45°.
o The interfacial fracture energy is strongly dependent on the bond
thickness and shows different trends for different adhesive/substrate
systems. A lower bound was found at thick bonds (:::::: 0.5 mm) for three
of the four systems.
• Modest changes in the cure temperature in the range of 160°C to 220°C
did not greatly affect the interfacial fracture energy when a 1 hour cure
schedule was employed.
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5. RECOMMENDATIONS FOR FUTURE WORK
Mixed mode lIII loading has begun to be investigated, but more studies
are needed to understand the dependence of some other basic parameters on
the toughness as well as further understand the mixed mode bending (MMB)
fixture.
Since these epoxy adhesives are viscoelastic, the environment of the
testing is important. For example, the test temperature, humidity, and rate
will effect the fracture energy. Also, the effect of thermal and moisture
cycling before testing should also effect the fracture energy. If an
epoxy / substrate interface is exposed to moisture, a competition for the
available acid/base sites could occur between the water and the epoxy on the
substrate. The thermodynamic work of adhesion would be useful to
determine if the water or the adhesive would be more favorable.
It was concluded above that a shear component is needed for
reproducible adhesive failure, but the minimum amount of shear needed
was not determined. The minimum amount of shear required for repeatable,
adhesive failure would be interesting to compare to the inherent phase angle
obtained by the empirical equations.
The bond thickness was shown to strongly affect the fracture energy,
but no definitive reason was given. The bond thickness dependence has been
shown to be related to the mechanism at least in rubber-modified epoxy
systems where a large plastic zone size is present. It is not believed that these
brittle epoxies would show a large plastic zone, but the other mechanism such
as microcracking and crack deflection could be present. Thus, studying the
failure mechanisms might provide incite into the thickness dependence.
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APPENDIX A : FRACTURE TOUGHNESS OF NYLON-
MODIFIED EPOXY SYSTEM
ABSTRACT
Various semi-crystalline nylon particles were used to toughen a brittle
epoxy (DGEBA/PACM). Precipitated particles of nylon 6, nylon 12, and a
copolymer of nylon 6 and nylon 12 were blended in an epoxy polymer and
increased the fracture toughness by less than a factor of two with no loss in
modulus. The fracture surfaces revealed some particle deformation, and
drawing, as well as debonbed between the particle and the matrix.
INTRODUCTION
Applications for epoxies are rapidly expanding. While epoxies have
the desired stiffness and strength, they are typically very brittle material with
the fracture toughness typically below 1 MPa~m as compared to 2.4 MPa~m
---
for polycarbonate and 40 MPa~m for aluminum. In the case of composite
materials, the resin toughness can dictate the damage tolerance of the entire
composite. Thus, many studies have been done to improve the fracture
toughness of epoxy resins. The incorporation of rubber into epoxies has been
successfully in improving the toughness, but the addition of a lower modulus
filler decreases the stiffness (elastic modulus).1,2 t 3 Although rubber may be a
90
-better toughening agent for certain epoxies, it has shown to have limited
effectiveness in highly crosslinked materials.3 Recently, rigid thermoplastic
particles has been proposed to toughen a epoxy matrix while maintaining the
desired mechanical properties of the epoxy (reviewed by Pearson\
Background
Several possible toughening mechanisms have been proposed for
thermoplastic-modified epoxies5 as illustrated in Figure AI. Particle bridging
occurs when the particle spans the crack wake and thereby carries some of the
00 0 0
0
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Figure AI: Possible toughening mechanisms in epoxy polymers.
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load. The particles deform and fail as the crack opens, thus the work of
stretching contributes to the toughness of the material. Crack bridging has
been shown to be negligible in rubber-modified epoxies, but it can be a more
dominate toughening mechanism when rigid and stronger thermoplastic
particles are used. Evidence for crack bridging in thermoplastic- modified
epoxies has been presented by several investigators based on scanning
electron microscope (SEM) micrographs of the fracture surface.6,7,8,9
Crack tip/front mechanisms include crack path deflection, crack
pinning, and microcracking. Microcracking is the formation of secondary
cracks in front of the crack tip which absorb energy because of the creation of
new surfaces. Three types of microcracking found in two phase materials are
schematically illustrated in Figure A2. Crack pinning is a mechanism where
the particles pin the crack causing it to bow out and consume energy, whereas
crack path deflection causes the crack to deviate from its main path resulting
in an increase in surface area which requires more energy. Crack pinning and
crack path deflection have been observed by examination of the fracture
surfaces using a SEM.9
Pearson and Yee5 examined toughening mechanisms in thermoplastic-
modified ductile epoxies. A poly(phenylene oxide) (PPO}-modified epoxy
system was made by dissolving PPO into epoxy. The blends showed a slight
but linear increase in fracture toughness, K1C' (from 1.1. to 1.8 MPa>Jm) with
increasing the PPO content from 0 to 20 phr. They cited microcracking and
,'~ - ..,.
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a
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Figure A2: Types of microcracking in two phase materials: a) particulate, b)
matrix, and c) interfacial [from Pearson and Yee5]
crack branching, both process zone shielding mechanism, as the dominate
mechanisms of toughening. An increase in the microcrack density was found
by adding more PPO particles. Also modifying the PPO particles with SBS
rubber increased the number of microcracks per particle, which in turn
increased the microcrack density. They presumed the role of the SBS in the
PPO particles was to initiate crazes in the PPO phase, which propagate into the
epoxy in the form of microcracks. They argue against the particle bridging
theory because the crack is not planar as would be expected for bridging.
. -" '., ....." ".- .~. "
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The parameters that control the microcrack density are important since
an increase in the microcrack density results in an increase in toughness. One
logical parameter is the interfacial adhesion between the particle and the
matrix. Some researchers have examined the role of adhesion to increase the
fracture toughness of a brittle matrix for various systems. However, the
amount of particle-matrix adhesion necessary for optimum toughness
enhancement is yet unclear.
Cercere and McGrath6 found that ductile aromatic thermoplastic such
as amine functional poly(ether sulfone) and poly(ether ketone) effectively
increase the fracture toughness of otherwise brittle epoxy matrix. They found
that chemically bonded modifiers are more effective than those which are
simply physically blended. From this, they concluded that "good" adhesion
is required for the toughening of thermoplastic-modified epoxies. Bucknall
and Gilbert8 showed that the fracture toughness of a tetrafunctional epoxy
could be significantly increased by the addition of poly(ether imide) (PEI)
particles that contain no reactive group. They concluded that the interfacial
strengths were clearly adequate for toughening and attribute it to van der
Waals bonding or other physical interactions. Furthermore, in an effort to
use the same_concept in toughening_slu<=:lil~ epoxies, P~arson and Yee10
observed that debondingpoly(dimethylsiloxane-imide) copolymer provide
superior toughness when compared to PPO-modified epoxies which exhibited
strong interfacial bonding. Thus, the research.cited above shows the ne~~ for
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examining the role of adhesion thermoplastic toughened epoxies.
Kim and Robertson11 examined the toughening of epoxies by rigid
crystalline particles. The crystalline particles were poly(butylene terphthalate)
(PBT), nylon 6, and pol~(vinylidene flouride) (PVDF) and the epoxy matrix
was digycidyl ether of bisphenol A (DGEBA) cured with an aromatic amine
resulting in a Tg of 155°C. The nylon toughened the epoxy from 0.19 kJ/m2 to
0.56 kJ/m 2 and the PBT, 0.19 kJ/m2 to 1.10 kJ/m2. The nylon resulted in an
increase comparable to CTBN toughening, but the modulus did not decrease
for the nylon blends. The toughness of the rigid particle blends were
attributed to a combination of (1) primary crack bridging, (2) crack bifurcation,
(3) secondary crack bridging and formation of welts and steps, (4) ductile
fracture of particles, (5) initiation of secondary cracks, and (6) phase
transformation toughening. They concluded that (1) through (4) and (6)
toughened the PBT blend, while the first five were responsible for the nylon
blends toughness. The difference between the PBT blends toughness and that
of nylon blends was attributed to a phase transformation that nylon did not
exhibit.
Cardwell and Yee 12 reported an increase in K1c by more than a factor of
two by the incorporation of nylon 12 particles (supplier unknown) that were
. able to bridged the crack wake. In uniaxial tension, a small drop in modulus
and yielded strength was found with an increase in the strain to failure. The
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between the particle and the matrix. Significant amount of deformation and
drawing was seen that was indicative of particle bridging and stretching.
Shi et al. 13 found that the addition of nylon 12 particles (same particles
used in this study) into a proprietary epoxy resin did not greatly reduce the
modulus or maximum strength of the resin while improving the interfacial
2 ~ 2
fracture toughness from 0.77 MPav'm (189 Jim) to 1.54 MPav'm (844 Jim) at
30 phr of 40 11m particles. They attributed this increase in toughness to
particle bridging and the creation of multiple"defects" from internal crazing
of the nylon particles. Shi et al. also examined the effect of particles diameter
in the range of 5 11m to 50 11m. As the diameter increased, a slight increase in
toughness was found and peaked at 40 11m. In the constrained form, the
strain energy release rate was found to be about 200 J/m2 for thin bonds to
" 2
about 1400 Jim at a bond thickness of 150 Ilm.
Groleau et al. 14 used nylon 12 particles to toughen composites by
interleaving, where the resin-rich interlaminar region is modified with
tough damage resistant material. The Guc of the epoxy matrix significantly
increased with the modification of the nylon due to increased shear plasticity.
Interestingly, hackle formation and crack bridging were not found, even
though it is commonly observed in brittle epoxy matrix under mode II
1 d· 14oa mg.
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Objective
The objective of this paper is to examine the toughening capability of
three types of semi-crystalline nylon particles. The nylon particles were
preformed and used as received. Varying volume percents of nylon particles
were incorporated in to the epoxy. The fracture surfaces were examined to
provide incite into the toughening mechanisms.
EXPERIMENTAL APPROACH
Materials
The epoxy resin in all the blends was a digycidyl ether of bisphenol A
®(DGEBA) [DER 332 of Dow Chemical Company] and was cured with an
amine curing agent [PACM supplied by Air Products and Chemicals, Inc.].
Figure A3 has the chemical structures of the epoxy system. The nylon
particles were prepared by a proprietary precipitation method (Elf Autochem
North America) and received in various sizes of nylon 6, nylon 12, and a
copolymer of nylon 6 and 12 (6/12) as in Table A-I. The chemical structures of
nylons used are given in Figure A3. For comparison reasons, a rubber
modified blend was made with a liquid carboxyl terminated butadiene-
acrynitrile (CTBN) copolymer. Also, a nylon modified piperidine cured
DGEBA was made because this resin is more ductile.
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Table A-I: Nylon particle types and sizes used in study.
- hIgher VISCOSIty than other nylon 12 resm
®
Nylon Type Size Particles OrgasolDesignation
Nylon 6 I 20 llID I 1002D
I 5llID I 2001 UD
I lOllID I 2001 EXDNylon 12
I 10 llIDt I 2002 EXD
I 20 llID
t
I 2002D
Nylon 6/12 I 20 llID I 3202D
T
Characterization of the Nylon Particles:
A differential scanning calorimeter (DSC) was used to characterize the
melting point and the crystallinity the nylon particles. The DSC scans were
done at 10 K per minute over a range of 30°C to 250°C. The amount of
crystallinity was estimated by:
01. II' , .6.H theroetical - .6.H experimental
-/0 crysta llllty =
.6.H theroetical
where .6.Hexperimental is the experimentally determined heat of fusion and
.6.Htheoretical is the theoretical heat of fusion for a 100% crystalline -nylon. IS
The particles structure and shape were examined using aSGanning electron
microscope as described below.
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CH3
CH2 - 0-o-C-0-°
CH3
DGEBA: Diglycydyl Ether of Bisphenol A (a diepoxide resin)
H -o-~-o- H~N C N~
H I H
H
PACM: Bis(para-aminocyclohexyl) methane
H-[ NH
H-[ NH
Nylon 6
Nylon 12
Coploymer of nylon 6 and nylon12
Figure A3: Chemical structures of the epoxy system and nylon particles.
Fabrication of Nylon/Epoxy Blends
Plaques of varying volume 'percentages of the particles (5%, 10%, 15%, .
and 20%) were made by the following procedure. The recipes for each plaque
are given in Table A-II. The appropriate amount of nylon particles was mixed
with the resin under a vacuum for 30 minutes. Then, the curing agent was
added at a ratio of 28 grams per 100 grams of resin and once again mixed
under a vacuum for 15 minutes. The mixture was then slowly poured intp-'a:
I
I
room temperature vertical mold. The plaques were all cured at 80°C for 1
hour followed by 2 hours at 180°C. The plaques were then cut and machined
into 10 three point bend (3PB) samples of 76.2 mm long and 12.7 mm wide
and 6.3 mm thick as per ASTM standard D504516 and 3 type I tensile bars
according to ASTM D638 standard17.
Table A-II: Recipe for making plaques of various volume percent
Resin Curing Agent Nylon Particles
(grams) (grams) (grams)
For 5 volume % I 375 I 105 I 17.5
For 10 volume % I 375 I 105 I 34.9
For 15 volume % I 350 I 98 I 48.9
For 20 volume % I 350 I 98 I 65.2
. - -... -~~'..._:_,~:-'..:-
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Characterization of the Nylon Modified Epoxies:
Adynamic mechanical analysis was performed on the nylon modified
epoxies using a Rheometries RDAII. The complex shear moduli were
measured in oscillating sinusoidal torsion at a frequency of 1 hz on a
rectangular specimen between room temperature and 250°C. The sinusoidal
torsional strain (amplitude of 1%) was applied every 10°C except between
130°C and 210°C where the temperature increments decreased to 5°C. The
storage modulus G' and the loss modulus Gil were calculated using the
computer. The tan delta was calculated by taking the tangent of the Gil
divided by G'. Plots of G', Gil, and tan delta versus temperature were
obtained, and the glass transitions were taken at the peak of tan delta. The
number average molecular weight oetween crosslinks was estimated using
the theory of rubber elasticity:18
[All
where q is a front factor taken as 1, p is the density at temperature T, and R is
th~ universal gas constant. G
c
is the equilibrium modulus in the rubbery
region at temperature T (K).
Mechanical Testing:
The tensile testing was performed on a screw driven displacement
_ controlled Instronata~rossheadsp~edon 5l1!-m/min.A type-g, one inch
, __ ,_,,,_;,~ , .. :. __.,__ ••.. __ • ,.' c •._· .. _._:, .. __ .~:.,.;",_. _. ' __ "'.~_."~.••• ,, .• _~_.,~._.~._,~_, '_~""""'~'_"'" ._, • _. _.'." •
..... - ,-"."' - ~.
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extensometer was used to determine nominal strain which was used to
blends were heat treated to examine the effect of a heat treatment on the
maximum stress and strain were recorded.
[A3]
[A2]
.", ..
p
f(x) = 6X l/2 [1.99 - x(l-x)(2.15 - 3.93x+2.7x 3 )]
. (1+2X)(l-X)3/2 .
.,.- ~
.~_._. -,"',--, ,. ".'. ~ . -. ' .....;,~>. ~.',' of ,".-'- .-.•:~._:"-. ~'. ,- "-:-- ,_ •• _:':;- -; •• ~ •• -e;;"-' , ..~.~,.
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Heat Treatment
where x is the ratio of the crack length, a, to the width, W.
width, and f(x) is a non-dimensional geometry factor given by:
precrack was marked to facilitate the measurement of the precrack from the
Since all ·the nylon particles were porbus and crystalline, two nylon
where P is the critical load for crack propagation, B is the thickness, W is the
Fracture toughness measurements were performed on a precracked,
toughness. The melting and re-crystallizat~on of the nylon particles already
cell was used at a crosshead speed of 1 mmlmin. The following relationships
were used to ca1culatethe critical fracture toughness, KIC:
16
fracture surface. A displacement controlled Instron 1011 with a 500 N load
razor blade from liquid nitrogen and tapping it into the machined notch. The
single edge notched specimens under three point bend loading in accordance
with ASTM D5045 standard 16. Precracking was performed by removing a
> ,
calculated the elastic modulus. The stress-strain plots were obtained and
•..
•••• -~.,..,•••~-_ , •.•••• -., .... _" "L' ._",--,--."-'_," --_
in the matrix was hypothesized to have an effect on toughness. The 10%
nylon 6 blend and the 10% nylon 6/12 blend were heated in a vacuum oven
at 240°C and 220°C, respectively, and then rapidly quenched to room
temperature at a rate of about 40°C per minute. The purpose of the quench
was to obtain a less crystalline structure and the melting could possibly have
changed the structure and shape of the particles. The fracture toughness of
.'
these heat treated blends was measured and compared to the non-heat treated
toughness.
Microscopy
A low voltage JOEL 6300 scanning electron microscope (SEM) was used
to examine the particles prior to blending and the fracture surface of a three
point bend specimens of the neat, nylon 6 and the nylon 6/12 blends of 5
weight percent. The samples were sputter coated with a thin coating of gold-
palladium. Images of varying magnification were obtained using the
following conditions: an accelerating voltage of 5 kV, a working distance of 15
mm, no tilt, and with a 100 /.lm aperture.
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RESULTS AND DISCUSSION
Characterization of Nylon Particles
The differential scanning calorimeter (DSC) results are shown in Table
A-III The melting temperature for nylon 12 was higher than the nylon 6 as
would be expected due to fewer amine groups per mole. The highest percent
crystallinity was found for the nylon 6/12 particles and the lowest for the
nylon 12. It follows that the nylon 12 would be the comparably more ductile
to the others because of the low crystallinity.
Table A-III: DSC results and calculations for the nylon particles.
I Nylon 6 I Nylon 12 I Nylon 6/12
Melting Temperature I 214°C I 175°C I 193°C
Heat of Fusion I 125.6 Jig I 95J/g I 62.5 Jig
% Crystallinity I 34 % I 15 % I 56 %
The topography and porosity of the nylon particles can be seen in the
series of Figures A4 through A7. In general, all the particles were not
perfectly spherical but exhibited a characteristic similar to agglomerated
particles spanned by fibrils. This shape and structure is common for
precipitated particles. The porosity was not directly measured, but a
comparison was made using the SEM micrographs. For the 20 ~m diameter
particles, the nylon 6 in Figure A4 exhibited the more porosity as compared to
the nylon 12 of Figure A6. The size of the particle also seemed to affect the
~
.-.". "._.c.,
,. __ .._~- - -~- ._.._-.~_. -----.,--.'---
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a)
b)
Figure A4: SEM micrograph of 20 /-lm nylon 6 particles at a) 500 X and b)
10,000 X. Showing the morphology of the nylon particle and the porosity.
a)
b)
Figure A4: SEM micrograph of 20 ~m nylon 6 particles at a) 500 X and b)
10,000_0:. ?l1q "ving tl~e.lno~ph~1.Qgy.p.f.)h(1;nY~()J}p,arti<:J~~~1E9:d:Jw_c}7-.9J"O~kty~:'~::::'::?::':::: .
./.;;:~~.,.·-: .. · :-.~ •. ·,~.~.;"_.~.~_,,c·_-_ '.~.. :. __ , - _.s·.··'····._ .'.:'__ '- ' ',.
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a)
b)
___ ._. Figure AS: SE¥ mjcrogr.aphof lQ JlID nylon12 partic1e~ata) .?qO)~:.~!19J?L_ .
.;.~"_:,.. -.~. ~~""~~""""'"'''~'-'lO;OOO-'X:'''Showing fhe'morpholOgy oftheriylOIl particle arid tIle pOrosity: .. .-
a)
b)
Figure AS: SEM micrograph of 10 flm nylon 12 particles at a) 500 X and b)
10,000 x. Show}n~ .t~he morphology of the nylon particle and the porosity.
.. -'.. -'.- -, .~_.
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b)
Figure A6: SEM micrograph of 20 /lm nylon 12 particles at a) 500 X and b)
10,000 X. Showing the morphology of the nylon particle and the
_}e~_s_PQ~Q_si.ty tl}!1.n the particl~s in Figures.1\4 - AS.
-;Z:;~i~'':;;:;::--:':':-,-":;;,;'::;";:;;<;:";,;_._~,.,.,-,,,,,,,-,.",-'~C!~,:, __ .::.c. __ .'. ..,"..~:,~...- ..... __ -:~'. .. ..-.-- ·~--:=O',.: ...__. .-. ' _'.c_ .-- ..
a)
b)
Figure A6: SEM micrograph of 20 ~lm nylon 12 particles at a) 500 X and b)
10,000 X. Showing the morphology of the nylon particle and the
less porosity than tl~e particles in Figures A4 - AS.
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a)
b)
Figure A7: SEM micrograph of 20 ~m nylon 6/12 particles at a) 500 X
and b) 10,000 X. Showing the morphology of the nylon
particle and the porosity.
a)
b)
Figure A7: SEM micrograph of 20 ~m nylon 6/12 particles at a) 500 X
and b) 10,000 X. Showing the morphology of the nylon
particle and the porosity.
lOS
-- ::;.- - .-
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porosity of the nylon 12 particles. Comparison between nylon 12 particles of
different sizes (Figures AS and A6) revealed the 10 ~m particles were more
porous than the 20 ~m.
Characterization of the Nylon Modifued Epoxies
Table A-IV has the results of the dynamic mechanical analyses. Note
that the glass transition did not change for the epoxy with the addition of
nylon particles, and the nylon melting transition were detected. The G', Gil,
and tan delta were plotted against temperature for the neat 332/PACM and
the nylon 12 blend in Figure A8. The nylon glass transition caused a slight
bump in the tan delta curve around 40DC due to nylon glass transition. The
shear storage modulus G' remained roughly the same for all the blends. The
number average molecular weight between crosslinks was estimated to be
Table A-IV: Dynamic Mechanical Analysis Results for Nylon Blends
Glass G' at room G' at rubbery MncBlend Transition temperature plateau
(DC) (Pa) (Pa) (g/mol)
332/PACM I 153 I 1.1 x 10
9
I 1.2 X 10
7 I 280
332/ PACM/ 166 9 7
nylon 6 1.0 x 10 2.1 x 10 ---
332/ PACM / 162 9 7
nylon 12 0.9 x 10 0.9 x 10 ---
332/ PACM / 155 9 7
nylon 6/12 1.0 x 10 1.0 x 10 ---
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Figure AS: DMA plot for a) the neat and b) a 20 volume % nylon 12 blend.
Notice the small peak for the nylon blend around 40°C.
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about 290 g/mol with a prefactor q of 0.725 as used by Pearson and Yeel8. The
prefactor deviates from 1 because the density is measured at room
temperature but is required at the temperature of the rubbery modulus.
Mechanical Testing
The tensile properties are given in Table A-V. A slight increase in the
l
modulus and a decrease in the ultimate tensile strength was found with the
incorporation of nylon. The nylon has a modulus of 3.0 GPa15 which is
higher than the epoxy, thus the incorporation of nylon would be expected to
increase the modulus. However, the slight modulus decrease in modulus
may occur due to debonding of the particle from the matrix, microcracking,
etc. The strain to break depends upon flaws in the tensile bar thus yielding
no useful interpretation.
The results of the fracture toughness are gIven in Table A-V for
DGEBA/PACM system as well as a nylon modified piperidine cured DGEBA.
All cases resulted in linear elastic responses shown by the load-displacement
plots, for example Figure A9 and satisfied the ASTMvalidity requirements.
For all cases, the nylon modification only modestly increased the toughness
from 0.69 MPa-Jm to 0.82-1.09 MPa-Jm. The toughness generally increased
with increasing volume percentage up to 20% as seen in Figure AIO.
Microscopy was done on the region between the precrack and the fast
. crack gro~thE~gi~J:l~.. t9 ob~~ry~_t1l.eeffec;t9tt~~!1:Y~~~ rn0?ificat~on on the
.-•... ~.. _. -... . .----:--. -'.'-- -".- u· -_ ... ,.- ..• '" ". <_ - - _ ., c "', ,.. ',- "--'_" -~.' .~"- ••_,,, ••~••• - ......"., ...... ,.,.....,.0' ....-,.,,,: ,"._. "-' ,':.p" - ,'._,_.':~ '-".",.-- ·-~,...:,-.-,:_-c,.-~--...~,.,~_:;.,._ ,...,...,, __ •__?~.,,~: _~..,-,~,.,._ ..~,::':;;'_-':"~'.:.:::._ .._.. ,. ._.. "_~' ' """~_
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Table A-V: Mechanical testing results of nylon modified epoxies.
Heat treated above meltmg temperature of nylon partIcles and quenched.
Particle Particle Modulus Ultimate Strain at KI~Blend Diameter Tensile
(11m) Volume % (GPa) Stress (MPA) Break (MPa m)
neat I -- I -- I 2.1 ± 0.1 I 72±4 I 6.6± 0.9 I 0.69 ± 0.06
I 5% I 2.4 ± 0.1 I 73±1 I 7.1 ± 0.4 I 0.94± 0.05
I 10% I 2.8 ± 0.1 I 61 ± 1 I 3.5 ± 0.1 I 0.94 ± 0.06
Nylon 6 (L) 20 I 10% HT+ I --- I --- I --- I 0.98 ±0.05
I 15% I 2.8 ± 0.1 I 53±4 I 2.5 ± 0.2 I 0.99 ± 0.09
I 20% I 2.5 ± 0.1 I 58±8 I 5.0 ± 1.0 I 1.00 ± 0.06
I 5% I 2.2±0.3 I 69±5 I 6.4 ± 0.9 I 1.00 ± 0.04
I 10% I 2.7±0.2 I 55±3 I 3.6±0.7 I 0.94± 0.06Nylon 12 (L) 5
I I I I I15% 2.7 ±0.1 ·65±8 6.6±2.9 0.93±0.10
I 20% I 2.0 ± 0.3 I 73 ± 1.2 110.0 ± 1.0 I 1.09 ± 0.03
I 5% I 2.5 ± 0.1 I 53±5 I 3.2 ± 1.2 I 0.82 ±0.07
I 10% I 2.5 ± 0.1 I 51 ±9 I 4.2 ± 2.5 I 0.88 ±0.04Nylon 12 (L) 10
I I I I I15% 2.7±0.2 61 ±7 4.9±2.9 0.89 ± 0.09
I 20% I 2.7 ± 0.1 I 57±1 -I 3.2 ± 0.1 I 1.09 ± 0.04
I 5% I 2.0± 0.2 59±11 I 5.3 ± 1.5 I 0.95 ±0.06
I 10% I 2.7±0.1 64±5 I 5.5 ± 1.7 I 0.87±0.04Nylon 12 (H) 10
I I I I15% 2.8±0.3 60±3 4.3±0.9 0.91 ±0.05
I 20% I 2.0±0.3 75±3 110.2 ± 1.7 I 1.05 ± 0.05
I 10% I --- I --.~-I-- 0.82 ± 0.05
Nylon 12 (H) 20 I 15% I --- I --- I 0.86±0.07
I 20% I --- --- I --- I 0.94± 0.05
I 5% I 2.1 ±0.2 67±6 I 7.6 ± 1.0 I 0.85 ± 0.04
I 10% I 2.7± 0.3 57±9 1 4.6±2.8 1 0.85 ± 0.04
Nylon 6/12 20 I 10% HT+ I --- --- I --- I 0.99 ± 0.05(L)
I 15% I 2.6 ± 0.1 65±9 I 6.8 ± 3.5 I 0.91 ± 0.05
I 20% I 2.3 ± 0.08 69±4 I 7.3 ± 1.0 I 0.99 ± 0.04
CTBN rubber I -- I 10% I 2.6 ± 0.1 67±9 I 7.9 ± 3.5 I 0.97± 0.08
Other systems
Neat
I
0% --- ---
I
---
I
0.9±0.05
--
331/PIP
~Nylon6!12" lo.".20~"··I,~,,,·.JQr~_.. ~ ~ I. _--- I --- I --- I 1.30 ± 0.14_ ..- ,- • :·,---·'~"'-_'"~":'c ,•.• , .. ,.... __ .. "',. ..., .......
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Figure A9: Load versus displacement plot for a typical three point
bend specimen showing linear elastic response.
• Nylon 6 (20 Jlrn)
6. Nylon 12 (5 Jlrn)
o Nylon 12 (10 Jlrn)
.. Nylon 12 (10 Jlrn) (high)
• Nylon 12 (20 Jlrn) (high)
It. Nylon 6/12 (20 Jlrn)
252015105
1.2
'? 1.1
"?
~
P-.
~
'-" 1.0u
~......
en
Ul
OJ 0.9~;::s
0
E- 0.8OJ
I-<;::s
.....
u
~
I-< 0.7~
0.6
0
Volume percent of nylon particles
Figure A10: Fracture toughness, KIc, versus volume percentage of nylon
particles. Shows an increase in toughness with increasing particle content.
The nylon 12 particles improved the toughness the most from the
J)eat resin~ Note: The "high" in the legend signifies a higher
, viscosity nylon polymer was used in the particle .
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fracture surfaces. The neat epoxy ~hown in Figure All exhibited little
topography on the fracture surface except for ridges. Similar features were
observed for the nylon 6 and nylon 6/12 blends in Figure A12 and A13,
respectively. For Figures All through A13, the transition between slow
growth and fast fracture occurred when the direction of the ridges changed.
The-partides are seen in the slow-growth regien-(part hand C of each) and in
the fast fracture regime (part d and e of each). Particle deformation was
observed in the slow growth region, contributing to the initiation toughness.
Some particles debonded in this region, which is undesirable because particle-
matrix adhesion is essential for the particle bridging mechanism reported by
Shi et aI, 13 and Cardwell and Yee12. Thus, the particle bridging mechanism
did occur but was limited by the decohesion between the particle and the
matrix.
Heat Treatment Results:
The heat treatment of the two blends resulted in slightly higher
toughness (Table A-V) than the corresponding untreated samples. The heat
treatment was designed to reduce the crystallinity of the particles making
them more ductile. Also, the melting of the particles might promote better
wetting, giving better adhesion. The fracture surfaces of the heat treated
nylon 6 (Figure A14) and nylon 6/12 (Figure A15) specimens reveal more
deformation of the particles than the corresponding samples that were not
treated (Figures A12 and A13). The slight increase in toughness could be
. attributed to the .l:tigher ductility of the particles for the nylon 6 and nylon
.'-'-"---~" ... -.~- ......_.....
-_.• -.~ •.,-~._.,,_•••_-,.. ,..._~,.,..~ •..• '.'-._ •.~ ,.' 'O'.... '-,·~,-· __
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Crack
Direction
Figure All: SEM micrograph of the fracture surface of the 3PB specimen
of the neat epoxy. The overall area between slow growth and fast
crack region at 500 X showing ridges.
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Figure All: SEM micrograph of the fracture surface of the 3PB specimen
of the neat epoxy. The overall area between slow growth and fast
crack region at 500 X showing ridges.
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Figule A12: SEM micrograph of the fracture surface of the 3PB specimen of
the nylon 6 blend. a) The overall area between slow growth and fast crack
region at500. X; "b) particle in slow growth area at 3300 X showing little
'>deformafloll ~oftfi.e':p·article 'and'a large debonding'regldii:" andt) partIcle lrt"fhEt".....
fas tcrack regionat ...3000...2C.showing.,n.ogePpndj.ng;:-iflA(:L.. no'_p,.a..r.Jid~,
deformation
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Figure A12: SEM micrograph of the fracture surface of the 3PB specimen of
the nylon 6 blend. a) The overall area between slow growth and fast crack
region at 500 X; b) particle in slow growth area at 3300 X showing little
deformation of the particle and a largedebonding region and c) particle in the
fast crack region at 3000 X showing no debonding and no particle
-_·--'~:deformation
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Figure A12 continued
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Figure A12 continued
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Figure A13: SEM micrograph of the fracture surface of the 3PB specimen of
the nylon 6/12 blend. a) The overall area between slow growth and fast
crack region at 500 X; b) particle in slow growth a~~a at 3000 X showing some
particle deformation and particle - matrix debonding and c) particle in the fast
crack Je.gi9,D,i:!L~QPO",:X:",~hq~ingJlQ,P~Iti<:le,,,de£ormation~butJarge,.amountof,,,;,j:"._,.:' ... ,:'
:~:: d~b,Rh§irlg:~~':::,':: ,:" .-,'L.F.~,~,,,_~,:,'~'~_'--i~~"'._,_-,-. .------~-; .'.- '._ _, -."-.'0•.• '...-- ,:;----,~-,-_:c _. __ .
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Figure A13: SEM micrograph of the fracture surface of the 3PB sp'ecimen of
the nylon 6tl2 blend. a) The overall area between slow growth and fast
crack regi~t 500 X; b) particle in slow growth area at 3000 X shovving some
,;. c:"c--c"",,,c,>:-,PNticle,,qefonnation and .particle-:matrix..dehond.ingandc)' partic1e-illthe_fast
-,~" "crackregic)J1 at 3000 X showing no particle deformation but large amount of
_'., __"._ .. _.;.:-:._ .. __~;~bondin~.",
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Figure A13 continued
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Figure A14: SEM micrograph of the fracture surface of the 3PB specimen of
the heat treated nylon 6 blends. a) The overall area between slow growth
and fast crack region at 500 X; b) particle in slow growth area at 3000 X
showing massive debonding and some particle deformation, c) particle in
transifi6narea'atJOOOXshoWifig:pattitled'eformationwith ,littl~debonding
Clnd d.}p.gxticl~j.D..the. f':lE)t<::ra.<;kr~giQI1 at.3000)(sI:.owing little debonding and
.~n:o partided'e'formatlon.. ,...,,--~_.~-_.--- ---.-.---~--- <--.--' '" -
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Figure A14: SEM micrograph of the fracture surface of the 3PB specimen of
the heat treated nylon 6 blends. a) The overall area between slow grmvth
and fast crack region at 500 X; b) particle in slow grovvth area at 3000 X
showing massive debonding and some particle deformation,c) particle in
transition areacat~3000Xshowingparticle-deforn.lation wit~1 littl~debonding
. __..._._.. and d) particle' in theJasLcrack~regiOll_at30o.0X_~ho_Wil}gJitn~_.(,i~bondl!igand:-'·
no particle deformation. .
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Figure A15: SEM micrograph of the fracture surface of the 3PB specimen of
the heat treated nylon 6/12 blend. a) The overall area between slow growth
and fast crack region <1t 500 X; b) p<1rticle in slo,,\' growth cHe<1 at 3000 X
showing a large <1mount of p<1rticle deform<1tion with debonding; c) particle in
the fast crack region at 3000 ,X.showing·-httle -d:efonn.ation·'cfll1.d SOllle·
debondi~1g;and d) <1 pit formed b)T complete p<1rticle decol~esionin the slow
-crack region <1f3000'X. - - . - ..... --- . . ...... .
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6/12 blends, but the lack of significant improvement in toughness has
decreased any desire to examine this effect in more detail.
CONCLUSIONS
Based on the results from this investigation and the cited references,
the following conclusions could be made:
• The precipitated nylon particles were semi-crystalline as measured by
the DSC and had some inherent porosity as observed in the SEM.
o All varieties of the nylon particles modestly increased the fracture
toughness.
o The type of nylon and the size (between 5 ~m clnd 20 ~m) had little
effect on the toughness when equal volume percents were compared.
o The fracture surface revealed some deformation of the particle, but
significant debonding between the particle and the matrix occurred
reducing the effectiveness of the bridging mechanism.
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